SUPPLEMENT TO THE 


WELDING 


JOURNAL, 


JUNE, 1956 


ELECTRICAL AND METALLURGICAL 
CHARACTERISTICS OF MASH SEAM WELDS 


Relationship between mash seam welding variables 
and resultant characteristics of the weld has 
been determined through research investigation 


BY E. J. FUNK AND M.L. BEGEMAN 


Introduction 
Mash seam welding produces a weld 
made in a lap joint, the joint thickness 
of which is plastically reduced to a con- 
siderable extent during the welding 
operation. The joint is made with a 
slight overiapping of the metal sheets 
and welded with circular electrodes 
equal mash down occurring both 
sheets. The faces of the electrodes are 
flat and of sufficient width to completely 
cover the overlap. Since the overlap Is 
only about 1 '/» times the stock thick- 
ness, preweld tacking, or otherwise 
rigidly clamping the sheets, is necessary 
in order to maintain exact overlap 
during the weld. Good quality welds 
having a weld thickness only slightly 
more than the sheet thickness, can be 
made by this procedure. In many in- 
stances these joints are suitable for in- 
dustrial application without further 
finishing 

The three types of seam welds com- 
monly used in industry are illustrated in 
Fig. 1. The most common type is the 
simple lap seam weld shown in the 
upper part of the figure. This weld 
consists of a series of overlapping spot 
welds with sufficient overlap of the weld 
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nuggets to prov ide a pressure tight joint 
If the pressure tight quality of the lap 
seam weld is not required, the individual 
nuggets may be spaced “ous to give a 
stitch effect. This process is 
center of the 


known as 
roll spot welding In the 


figure i mash seam weld shown 


which is produced b reducing the 
amount of sheet lapping to «a small 
sroud-faced flat electrode ire 


sheets together 


value 
used which forge the 
while welding. This forging action 
by the electrodes is known as mash 
down” and occurs simultaneously with 
the fusing of the sheets. Simee = the 
joint is cove ed above and below by the 
electrodes and from either side by the 
sheets ‘<trusion oT 


the ‘vented 


pitting from 

Alterations 
contoul 


can be made in electrode tace 
and the amount of p increased sus 
that the mash-lown takes place on onl 


one side which can later be finished lea) 


ing no trace of the joint This type of 
mash seam welding, shown in the lower 
part of the figure, is often referred to as 
metal finish seam welding and finds 
appli ition where the product is no 


mally viewed from one side only 


Welding Variables 


The mash seam weld is a combination 
ol two manulacturing processes First 
it is a hot-forming Process hecause the 
sheets must be plastically deformed in 


order to reduce the thickening at the 
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jomt: and second, itisa welding process 
hecause heat and pressure are employed 
in order to produce coalescence of the two 
heets With this observation in mind 
it is convement to roug! classil the 
variables involve i mash seam welding 
into two groups | those as 


ociated w j forging of the heets 


ind (2) tho ssociated with the fusion 
of the sheets is difheult to make a 
iriable 
related 


classifbeation 


suitable « fiention of the 
involved ire all inter 
hut itm b “i that thos 
will be pre vy the exper:mmental re 
sults 

The forging variables are the factor 
which influence the final thickne ind 
Among these 


of tmoaterial that 


ippearance ¢ he jomt 
factors, the 
must be redistributed is of particular 
significance and it follows that the initial 

lapping of the sheets determines thus 
quantit The second item which in 
fluences the forging action the elec 
trode force which is emploved to effect a 
plastic redistribution of the metal im the 
joint 

Principal the fusion 
fluence he amount of heat et ovyed in 
making the weld All of the heat gen 
erated in an electrical-resistance welding 
Process | the result of a irrent passing 
through the resistance of the welding 
eircuit The current nagnitude ob- 


viously becomes one of the most signi- 
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Fig. | Types of seam welds 


ficant factors in controlling the amount 
of heat generated in the weld. A second 
variable is the resistance of the welding 
circuit. There are three sources of 
resistance to be considered: first, the 
contact resistance between the elec- 
trodes and the surfaces of the materials 
being welded; second, the electrical re- 
sistance of the materials being welded, 
and third, the contact resistance at the 
interface of the weldments. The heat, 
due to resistance offered at the surface, 
is kept at a minimum by the use of 
copper-alloy electrodes and is dissipated 
by flooding the electrodes and weld area 
with water. The heat, resulting from 
the electrical resistance of the materials, 
is a constant depending on the material 
being welded and its thickness. The 
contact resistance offered at the inter- 
face of the weldments is not constant 
and its actual value cle pends mainly on 
the surface conditions and the intimacy 
with which the surfaces contact each 
other which w controlled by the elec- 
trode force, The third variable which 
influences the magnitude of the heat in 
the weld is time lime in mash seam 
welding is controlled by the speed of 
rotation of the electrodes, and = the 
amount of heat generated is decreased 
with an increase in welding speed 


Materials and Equipment 

The material used in this investigation 
was low carbon, pickled and oiled, hot- 
rolled, rimmed steel commonly des- 
ignated as SAK 1010. The three 
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thicknesses used were of the following 
analysis: 


Thickness, 
in C,% Mn,% P,% 8, % 
0 081 008 039 0 008 O 029 
0 O50 007 O41 O O12 O 087 
0 O78 008 039 O O10 O 034 


All welding was performed on a 250- 
kva circular seam welder designed for 
operation on 440-v, single-phase, 60- 
eyele, alternating current and intended 
to be capable of handling a maximum 
short circuit secondary current of 40,600 
amp at a secondary transformer po- 
tential of 7.85 v. The machine was 
equipped with a thyratron welding 
control which features two size C ig- 
nitron power tubes. During the first 
part of the investigation a knurl-drive 
system for rotating the electrodes was 
used because it allowed the use of the 
maximum face width of the electrodes 
Friction drive was not used since it 
would have necessitated beveling the 
outer edges of the electrodes to ac- 
commodate the frietion-drive rolls which 
would have resulted in an undesirable 
face width reduction. However, it was 
found that the knurl marks left in the 
surface of the electrode yielded an un- 
desirable duplication of these marks on 
the weld to the extent that its useful- 
ness was questionable if surface ap- 
pearance was important. To eliminate 
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Fig. 3 Appearance of pillow speci- 
mens after failure 


this defect a roller chain drive to rotate 
the electrodes was installed on the 
machine. This proved satisfactory and 
allowed a speed variation of from 55 
ipm to 300 ipm depending on the size of 
the pulley used on the drive motor. All 
electrodes were 10 in. in diam, '/, in 
thick and made from RWMA Class III 
forged copper alloy. Adjacent to the 
electrodes a specimen guide bar was 
provided to position and guide the 
specimens as they were being welded 
The amount of 
ing the mash wela was controlled by 


erlap used in mak- 


first accurately positioning the sheets t 
be welded and then tacking them with a 
light spot weld. A 75-kva spot welde: 
with an appropriate fixture to position 
the specimen and gage the amount of 
overlap was used for this purpose 

The principal physical test used in the 
investigation was a simple tension test 
The original weldments in all cases con- 
sisted of two sheets 2*/, x 15 in. in 
length and the tensile specimens were 
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Fig. 4 Macrographs of mash seam welds made with 0.078-in. low-carbon 
Electrode force 2500 lb, welding speed 55 
Magnification X12 (Reduced by 25% upon 


steel at various current magnitudes. 
ipm, and initial overlap 125%. 
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Fig. 5 Weld characteristics in O. 078-in. low-carbon steel as a function of current 


Electrode force 2500 Ib, welding speed 55 ipm, and an initial overlap of 125% 
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as to give 
approximately 


show n 


are to depict the vari 
‘ ol tt h were en 
ed ecymen at the left 
tiv ture represents the most 
t ‘ tilure and was the 
ene The type 
esl tl wht illustrates a 
( veld, Failures such as shown 
ents pecimen were seldom 
‘ tered the ippear to be caused 
t itrat it one edge due 
‘ 
lr} ther pl il test used was the 
tional hydrostatic pillow test in 
h seam welded specimen 
wa velded around the edges of a 
a heet The weldment was 
ul ed to hydrostatic pressure until 
i ippeared, after which it had the 
i} ince sl nb. 3 The most 
tvpe of failure oeeurred at an 
in lve of the lap seam weld in the 
the where the stresses 
clue bending were greatest only 
on ould «a mash seam weld 
ope! Failure it the inside edge 
he ome correlation with the tensile 
test which the weld withstood the 
loud | rupture oecurred either above 
0 the eld. Other than 
ati hat the nt was leak tight, the 
pill test was of little use ‘Tensile 
test e muecl imipler to ¢ onduet and 
pl to te i better test of weld 
quatit 
Procedure 
All specimens were wire brushed and 
iped down th cleaning solvent prior 
to ta elding Dhis was done in order 
to hold the tact resistance at as con 
tant ilue as pe bole After surface 
treatment thi were tack 
ve o as to retain the proper amount 
of « » while being mash welded 
Before an organized procedure of 
nve ition could be embarked upon, a 
eld ere made without 
tal lata and uving the machine 
ett ver a de range until, in the 
nt of the operator, the process 
‘ ito} luce good welds This 
‘ electing the initial 
‘ i the welding speed 
thy tions regarding speed 
ind eon roade, a detailed 
ind ‘ nvestwation war made to 
lets the electrode force and cut 
ent tude that ild produce the 
ert a The current wa allowed to 
il ‘ range for several 
ilu of eleetrode force and these 
il were then ibiected to metal- 
il estigation and phy ical test 
ng } ed information nee 
il i election 
On the electrode force and current 
ud lets ed, then the effect 
if ne the legree ol overlap and 
207 


ys it ire the fir hed wel 
17,000 
a} 
3 
< v 


speed was studied. These samples were 
subsequently subjected to metallurgical 
investigation and physical testing and 
their effects This  pro- 


cedure was followed for each of the 


determined 


three thicknesses investigated 


Weld Characteristics 

The curves which follow attempt to 
show the relation of the weld chara 
teristics to each of the major seam weld- 
ing Variables involved 

The strength or relative load-carrying 
of the weld is plotted as the 
tensile teat 


quality 
breaking load of a 
specimen. The actual load-carrying 
capacity of the joint would be very diffi- 
cult to measure, but the manner in 
which the tensile specimen failed can 
be taken as a reasonable basis for eval- 
uating the quality of the joint. Al- 
though the method of 
plotted it 


value of the breaking load 


failure w not 
with the 
The lower 


correlates nicely 


values of breaking load indicate that the 
failure occurred in the weld and the 
higher values indicate that failure 
oecurred elsewhere in the sheet 

The nugget penetration is taken as the 
ratio of the thickness of the zone which 
exhibits a columnar dendritic structure 
to the thickness of the joint. Pene- 
tration indicates the nature of the heat- 
ing conditions employed in making the 
weld and, to some extent, the load 
carrying which can be 
expected 

The joint thickness is an indication of 
the surface condition of the weld and 


the amount of mash down which has 


performance 


It is expressed as 
thickness to 


been accom plished 
the ratio of final joint 
initial sheet thickness 


Effect of Welding Current 

Figure 4 shows a series of muacro- 
graphs ol mash welds made in 
O.078- 
effect of current 
with other variables held 
effect of 
in this case the 


low-carbon steel showing the 
magnitude on weld 
Appearance 
constant, The insufhicient 
heating is shown at A 
weld is a solid phase bond along the 
entire length of the joint line and the 
sheared edges can readily be recognized 
by the absence of the white band of 
ferrite, characteristic of rimmed steels. 
Weld B, made at a current increase of 
2000 amp, shows the presence of a small 
weld nugget located at the center of 
the joint line. Further 
current in Weld © shows both an in- 
creased nugget sive and improved edge 
The columnar, dendritic strue- 


increase of 


contour 
ture is an indication that melting has 
occurred and the ferrite band has been 
diffused with the surrounding metal 
The lower two macrographs show the 
This is indi- 
joint 


result of overheating 
cated by an 
thickness resulting from the inability of 


the weld to cool while under the in- 


increase in final 
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In all 


cases the nuggets are aligned with the 


fluence of the electrode force 


upper and lower surfaces of the joint 
and not with the joint line indicating 
that they were formed after the plastic 
deformation oecurred 

In 5 
plotted as a function of current for mash 


weld characteristics are 


seam welds in O.O7S8-in. steel using the 
same welding variables as indicated m 
indicate that 


below 


hig The eurve 
strength 
17,000 amp because of a lack of pene- 


hecomes questionable 
tration, and tensile failure oecurs in the 
weld at a current of 13,000 amp. The 

thicker at 
eurrent, no 


joint appears to be slightly 
extremely low values of 
doubt 


enough to allow the maximum deforma- 


because the metal was not hot 


tion to occur. The current magnitude 
has little effect on joint thickness until 


the range of overheating is approached 
and then thickness increases. 

Figure 6 shows weld characteristics 
plotted as a function of current for mash 
0.050-in 
behavior in the range investigated indi 
cates that the welds all exhibited good 


seam welds in steel. The 


strength and nearly uniform joint 
thickness. The sudden rise in 
thickness at a current of 22,000 amp 


present 


jot 


indicates that overheating was 
and any increase in current beyond that 
point would likely have resulted in dan 
age to the electrodes 
Weld characteristics are plotted in 
Fig. 7 as a function of current for mash 
seam welds in 0.031-in. low-carbon stee! 
The strength of welds made at current 
values lower than 11,000 amp becorne 
questionable because of a lack of 


measurable penetration, and weld 
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Fig. 6 Weld characteristics in 0.050-in. low-carbon steel as a function of current. 
Electrode force 1500 |b, welding speed 80 ipm, and an initial overlap of 150% 
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Fig. 7 Weld characteristics in 0.031-in. low-carbon steel as a function of current. 
Electrode force 900 Ib, welding speed 130 ipm, and an initial overlap of 150% 
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quality at or above 15,000 amp will be steel while holding all other variables 
impaired as a result of overheating 


Effect of Electrode Force 


The macrographs shown in Fig. & 


constant. Study of these macrographs 
reveals that increasing electrode force 
reduces the resulting thickness of the 
indicate the effect of electrode force on weld and decreases the magnitude of 
mash welds made in 0.031-in 


seam the heating effects. One can account 
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Fig. 8 Macrographs of mash seam welds made with 0.031-in. 


steel at various electrode forces. 
imp, and an initial overlap at 150%. 
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Fig. 9 The effect of electrode force on mash seam welds made in 0.031-in 
low-carbon steel. Current 13,000 amp, welding speed 130 ipm, and initial over- 


lap 150% 
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for the reduction in joint thickness be- 
cause a greater force was available to 
redistribute the same amount of metal. 
The decrease in heat apparently gen- 
erated in the weld requires considera- 
factors First, the cone 


tact resistance between the two sheets 


tion of several 


was, no doubt, reduced as a result of the 
causing a decrease 
from that 
Second, assuming that plastic deforma- 
ufficient heat is 


higher force: thus 
in heat available source, 
tion occurs betlore 
generated to form the nugget, the area 
of the electrodes in contact with the 
greatly increased a8 s00n As 
ind current density 
This re- 
a reduction of the heat available 
due to the resistivity of the metal. <A 
thurs etor san iunproved condi 
tion to 

companies an in 


sheets is 
mash down occurs 
is corresponding |\ decreased 


the electrodes 


oree This makes 
ient dissipation of the 


nerated and results in 


cteristics for the 
in the previous 
hig. These 
effect of elec 
is weld strength 
off rapidly above 
ide at low values 
come objectionable 
d thickness 
the range of 900 
ed for O.050-1n 
1500 to S000 Ib 
0.078-in. steel, the 
he seen in the two 
included in 
17 and 1%) 
obtained for 
to those 
the penetration 
decreased as elec 
In both cases 
nat appree inbly 
re investigated, 


the effect of varying 
wed in making mash 

steel 
rure will reveal 
initial 


mt are 


overlap 
thicker 
made under 
The thickness 
ited to the fact 
lap determines 
that must be 
vhen mash 
ition in heating 
esull from a 
the 
pecumen bay 
ip) an 
t This re 
he metal in the 


iren to a state of 
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mination of ¢ 
ined to 
600 higher heat condition 
wrintie ann tty 
| ° that the amount of o 
the of et 
j The 
z 
or nation two fa 
4 i” t ‘ 
ty of the contact 


which allows mash-down to 
quickly If mash-down 
then the condition 


plasticity 


occur very 
occurs: permaturely 
of greater electrode contact area, with 
its associated lower current density 
and improved heat dissipation char- 
wteristics, prevents sufficient heat from 
being generated to properly effect the 


weld 


shows a curve of weld 


Figure 11 


characteristics plotted as a function of 
initial overlap for mash seam welds 
made in 0.031-in. low-carbon steel. A 
study of the curves reveals that joint 
thickness can be reduced along with 
penetration until an overlap of 8U% is 
reached without affecting the strength 
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of the joint. Further decreases in over- 
lap below 80% result in weld joints of 
inferior strength. Similar trends were 
found to exist in varying the overlap 
for 0.050- and 9.078-in. steels. In both 
cases an overlap of around 60%, was the 
lowest value that could be used without 
detrimental effect on the strength of the 
It should also be noted that a 
small overlap is difficult to clamp o1 
hold uniformly. 
ance must be provided and, if the 
overlap is too small, a poor weld will 
The values of from 125-150% 
are conservative and should result in 
good welds (see Figs. 19 and 20, Appen- 
dix, for 0.050- and 0.078-in. weld char- 
acteristic curves). 


Effect of Welding Speed 


Figure 12 shows a series of cross and 


jomt. 


Some overlap tole: 


result. 


longitudinal macrograph sections which 
were made with 0.050-in. low-carbon 
steel welded at various speeds. Both 
longitudinal and cross sections are pre- 
sented to show that weld penetration 
remains consistent along the length of 
the weld for each of the speeds. Close 
observation of the various macrographs 
will reveal that very little difference can 
he observed as a result of speed varia 
tion. Some of the points on the curve 
shown in Fig. 13 correspond to welds 
shown in Fig. 12. The speed of weld 
ing appears to have little influence on 
weld strength and thickness and causes 
only a slight change in penetration 
The change in penetration can be attrib 
uted to the fact that so long as the 
circuit resistance and current magnitude 
remain constant, the rate of heat gene: 
ation remains the same, but the amount 
of heat generated depends upon the 
duration of the heating period. There 
fore, the longer the material remains 
hetween the electrodes the larger the 
amount of heat generated and in turn 
the greater the measurable penetration 

Welding speeds were investigated for 
0.031-in. steel in the range of from 100 
to 160 ipm, and for 0.078-in. steel in the 
range of from 55 to 75 ipm. The same 
trend appeared in both thickness as was 
illustrated in the curves for the 0.031 
in. steel (Figs. 21 and 22, Appendix, for 
0.031- and 0.078-in. curves). 


Metallurgical Characteristics of Welds 
The various macrographs shown in 
this paper were made from selected 
specimens prepared under different 
welding conditions. In all welds made 
under suitable welding conditions, the 
characteristic weld nugget in spot and 
seam welding was in evidence. This 
nugget, dendritic in structure, is made 
up of resolidified metal and surrounded 
by a layer of recrystallized metal. The 
structure shown is low-carbon marten 
site produced by flood cooling during 
the welding operation. The smal! dark 
areas surrounding the nugget are also 
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made up of martensite with a higher 


the result of a micro- 


hardne tudy made in a mash seam 
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tes that there was a definite hard 

re nerease within the nugget arena 
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Defects Encountered in Mash Seam Welding 
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vhich could have been caused by the 
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h porosity was noted most often 


ere made at eithe ery high values of 
rent ol if ding speeds. 


Sire the nature of resistance weld 
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Fig. 12 Longitudinal and cross section of mash seam welds made with 0.050-in. pct 
steel at various speeds. Current 19,000 amp, electrode force 1500 lb, and partially 
initial overlap at 150%. Magnification X12.5 (Reduced by 25% upon bile the of 
reproduction) eles fe iny cavities present 
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welding speed. Welding current 16,000 amp, electrode force 1500 |b, and tive edge condit n the seam, In 
initial overlap 150% order to determine the sermusness of 


Junge 1956 Funl seqeman Vash Seam WV elding 27 1-8 


: 
Grate 
(a 
% 
~ 


Q 

«a 

o 

x 400 

@ 300 
z 

= 

z 

w 200 
z 

«x 

a 

| 
a '00 

z 

x 


Fig. 14 Microhardness survey of a mash seam weld in 0.031-in. thick low-carbon 
Electrode force 900 Ib, current 13,000 amp, overlap 150%, and welding 


steel. 


0.75 1.50 


225 300 


3.75 4.50 


5.25 


DISTANCE ACROSS SPECIMEN, (MM) 


speed 130 ipm. Magnification X22 (Reduced by ' , upon reproduction) 


THICKNESS INITIAL WELDING CURRENT ELECTRODE 
(INCHES) OVERLAP SPEED (AMPERES ) FORCE 
(PER CENT OF (INCHES PER Min) (POUNDS) 
See SEE NOTE | SEE NOTES 485 
i50 130 13,000 900 
.050 150 80 16,000 1500 
.O78 125 55 19,000 2500 
| LOW CARBON STEEL 
2 INTENDED TO PRODUCE WELDS HAVING EQUAL MASH-DOWN ON BOTH SIDES 
B PARTIAL WAVE CONTINUOUS CURRENT 
4 RWMA CLASS Zr. ALLOY 
6 ELECTROOE GEOMETRY: 
10-INCH DIAMETER. 
UPPER @ LOWER ELECTRODES ALIKE 


Fig. 


WELD SECTION 


A 0.031 in. (24) 

B 0.050 in. ( * 19) 

C 0.078 in 
MATERIAL 


16 Mash seam welds made under recommended conditions 


in Fig. 15. X19 (Reduced by ' » upon reproduction) 
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indicated 


edge defects a number of specimens were 
porcelain enameled and the conditions 
of the enamel covering the weld joint 


was 


blistering. 


revealed 


examined 
A study of the specimens 


that de 


or blow holes 


caused by 


fects 


and 


the 


stronger tack welds resulted in unsatis- 
factory enameling and that the weaker 
tack welds yielded seam welds of the 
best enameling quality. 


Conclusions 


On the basis of the data presented in 


this 


report 


the 


following 


conclusions 


concerning the relationship of the mash 


seam welding variables and the char- 


acteristics 


justified 


of the 


weld appear t 


be 


1. The final thickness of the joint 
is determined by the amount of initial 


overlapping of the sheets and by 


magnitude of the electrode force. 
2. The strength of the joint depends 


upon 


whether 


or 


not sufficient 


the 


heat 


was generated during welding to produce 


a well-defined nugget. 
3. The four wavs in which the heat 


generated during the mash seam weld 


ing process 


Tay 


he increased are 


a 


increase the magnitude of the welding 


eurrent 
the 


elec 


initial overlap of the sheets 
reduce the magnitude ot 


Internal 


welds ar 
weld 


cooling 


(b) decrease the magnitude of 


trode for 


cle 


ce, (¢) merease the 
nd d 

the welding 

fects in mash seam 


e the result of an overheated 


Wi 


influence of the electrode force. 


cluced 


to a 


intern: 
min 


thout the 
il defects can be 
imum by mean 


beneficial 


re 


of 


establishing a balance between the cur 


rent, electrode force, and welding speed 
such that the joint is not in an over 


heated 

beneath 
6. 

the rate 


condition 


the 


as if passes 


trodes 


from 


The welding speed is limited by 


at which the heat, generated 


in making the joint, can be dissipated 
7. Spot tack welds are to blame for 


most of the surface defects encountered 


in mash seam welding 
8. The spot tack weld should be as 
light as possible but strong enough to 


maintain the desired overlap during the 


mash seam welding operation 


Recommended Mash Seam Welding 
Schedules 


Figure 


gives 


recommended 


machine settings for mash seam welding 


three 


thicknesses 


low-carbon 


ot 


stee! 


As a result of the widely differing appli 


cations of mash seam welded joints, it is 


for all practical purposes impossible to 


requirements 


nad 
machine settings that 


any 


for 


one single set 
will 
every cause 


ol 
the 
he 


schedules shown are intended to repre 


sent the mid-points of the range in 
which satisfactory results can be 
obtained under the conditions indi 
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440 + 
| 
Fig. 15 Recommended machine settings for mash seam welding thickness of _——————————— 
0.031, 0.050 and 0.078.-in. low-carbon steel 
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1600 - cated, The type of joints that can be 


obtained under these so-called recom- 
° ° f mended conditions are shown in Fig 
16. The macrographs show that the 
welds have approximately 50° pene- 
a 
a 2 tration which indicates that the joint 
B“ 1g 900 | would be strong when subjected to a 
load ¢ ‘ssure tig 
oad and pressure tight if made in con 

° surfaces are free spikes or feathers 
«042 ail | | are free from spike r feath 
which would interfere with painting 
5 100 ' < and finishing and there are no cracks at 
z the joint line edges to prevent sati 

; 

40 42 4 300 factory porcelain enameling. Informa 
Z ae pA uf tion presented in the form of conclusions 

5 | ! e and curves may be used to modify the 
= recommended whe lules to suit the 
WELDING SPEED, IPM needs of a specifie application. 


Fig.21 Weld characteristics in 0.031 -in. low-carbon steel as a function of welding 


speed. Welding current 13,000 amp, electrode force 900 Ib, and initial overlap 
150% APPENDIX 


Because of the large number of 


T T illustrations, some curves were omitted 
MA a in this report. It is felt that these 
curves should be made available to 
T T T those interested since the weld char 


acteristics plotted cannot be adequate! 


a 
J described by words Therefore the six 
3400 curves shown in Figs. 17 through 22 
¥ io all mentioned in the text material, are 
a 
included without further comment 
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EVALUATION OF THE SIGNIFICANCE 
OF CHARPY TESTS FOR 
QUENCHED AND TEMPERED STEELS 


High-strength steels tested to determine the critical fracture 
transition temperatures at which welded structures, loaded in the presence 


of sharp, crack-like defects, may initiate or propagate brittle fractures 
BY P. P. PUZAK AND W. S. PELLINI 


ABSTRACT } brittle failu function of ) hiected to loading 


ductes determin racture 


properties ¢ he steel presence chitniples Vy an lental collision with 


transition temperatures at which welded 
structures, loaded in the presence of sharp ‘ harp flaw temperature of service no ip ort explosions may be 


erack-like defects, may imitiate or propa design feature ind loading conditions xp d to be deformed and to develop 


gate brittle fractures The test pro aro approach mav be taken to ert flaw ! el nots at pomts of 
cedures establish three critical tracture | 
valeted. to. the ite the probabilit of onn he discussed 


specihe loading conditio juired to wittl ese include I to follow 


iitiate ind propagate brittl fractures ! der te rrive i decision relative 
Phe temperature interval of change from a) Improving notch ductility of required in a steel 
the state of complete ductilit even under the | to provide for ductile nd propaga 
on 
conditions of severe plastic deformation pig 
hela 0 despite the presence 
to nil ductilit such that brittle fracture ; or i n service, it b 
initiation is possible upon reaching in , notch flaws ( od lop information as to 
cipient yielding in the vicinity of eras k ) signing to eliminate all region f loading the steel in the 
detects is shown to tbe ipproximately pati flow recognizing lefect Thi 
100° F for all of lx investigated ‘} 
fractures cannot be { the extent 
This interval was determined to be in the A }? on ad we exten 
200 to 100° F temperature range for el in the } rp ern i to be 
the steels of highest noteh ductilit ind reneral of the  notel m ts warranted 
in the +100 to +200° F range for the tins within the elastic range aniline The 
steels of lowest notch ductilit 
limination of irp-notch flaw hic 
Correlation studies of Charp : ; tive tee which 
keyhole transition curves are pres wh dle eloped during ) related types ol 
It is concluded that keyhole cury dey fabrica nn inadis neoul j in ervice is 
ite greatly from Charp 
materials of this type The nil ductility m 4) and eliminate pone ra 
transition temperature in high-strength need for otceh-dur | how 
steels is generall related to the 20/30 f not ; ly on suct 
ft-lb temperature of the Charpy V energ , lure develoved 
transition curve Fracture propagation } nen or ol COTTE | 
is possible through elastic loaded material ires in!) ah velding Phu 
‘ On appreciable 


ane ding the \ ield 


to temperatures 
tivel high posits 
transition curve; however, com pe 2—Brittle failure developed 
obtained temper teels which permit deformation, 
the upper-shelf'’ of the curve low it | : n of the crack-like on that must be 
A discussion present lative to in welded structur forced 
the use of the critical eture transition 


concept in ce sgn 


to reduce lure b hear, 


zero while elormation 
Introduction 
The brittle fractures o war tha nenhah fe made to change 
chant shi and othe ry ecental d rol f 2 to J pe 
“tructures ulted nm ¢ re ‘ | re of ye} mperature 
gations of! or wt } rece ‘ rig | ion as to the 
to consider 
P. P. Puzak Iw under con 
Met ay D t to operate wier i of " 2 or 3 at the 
we At thi 
and the 


tures which may ritical nature of tl rvice required 


( harpy 


x 

Buffalo, N. cable to service of str: 


BUST BE OLVELOPED 
2° BEND AFTER Suan? 
1S FORMED 


Fig. | Drop-weight test method 


should determine whether Type 1 
steel is adequate and permissible, or if 
Types 2 or 3 are required. 

Iixtensive series of drop-weight and 
explosion crack-starter teste have been 
conducted by this Laboratory with the 
aim of defining the behavior of con- 
ventional mild steels in the presence of 
sharp flaws.'* The significance of the 
sharp-flaw evaluation method was vali- 
dated by tests of ship-fracture steels 
The tests correctly predicted the failure 
of the steels at the temperatures of 
fracture and differentiated between 
fracture source (Type 1) and fracture 
propagation (Type 2 with respect to 
initiation) steels, Briefly, the major 
fraction of semikilled and rimmed 
steels of wartime manufacture were 
indicated to be of fracture initiation 
type below 50° F and of fracture 
propagation type below 100° F. Cor- 
relation with the National Bureau of 
Standards’ Charpy V data for ship- 
fracture steels provided further corrob- 
oration of the significance to service 
performance of the crack-starter tests 
For the subject steels, fracture initiation 
in conventional service was indicated 
to be possible at temperatures below the 
Charpy V 10 ft-lb transition tempera- 
ture and fracture propagation below 
the temperatures of the Charpy V 25 
ft-lb transition temperature. 

As the result of further drop-weight 
tests, it was found that fully killed 
mild steels, high-tensile steels (HTS), 
quenched and tempered steels, and 
other types did not conform to the 10 
ft-lb rule established for the semikilled 
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Chaces 


-b0°F 


 -10* 


ALLOY STEEL 
316 BHN 
150,000 PSI_T.S 


-50°F 


Fig. 2 Drop-weight test results indicating sharp drop in 
ductility to nil values with decreasing temperature. The 
deformed specimens represent nonstandard tests made 
without the stop to illustrate ductility at the respective 


temperatures 


and rimmed ship-fracture steels. A302 
steel was indicated by drop-weight test 
to be of nil ductility type to tempera- 
tures as high as the Charpy V 30 ft-lb 
transition. The drop-weight test indica- 
tions for A302 were corroborated by the 
initiation of a fracture in a pressure 
vessel at a temperature of Charpy V 20 
ft-lb. A further corroboration obtained 
for the case of HTS will be deseribed 
later. 

Current trends to higher stresses and 
lower weight eall for the use of high- 
strength steels in welded construction. 
The added features of use in arctic 
climates or in low-temperature chemical 
processing demand the utmost of low- 
temperature notch ductility for these 
steels. This paper provides a summary 
of tests of the performance of various 
high-strength steels when loaded in the 
presence of ultrasharp cracks. It is the 
purpose of these continuing studies, as 
well as the aim of the presentation of 
this report, to develop the following 
information 

(1) The temperature ranges in which 
specific types of steel become highly 
sensitive to the presence of crack-like 
defects and brittle-fracture becomes a 
possibility. 

(2) The procedures by which Charpy 
V data may be utilized to define the 
critical fracture transition temperatures 
for specific steels. 
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Concept of Critical Fracture 
Transition Temperatures 

It is not within the scope of this 
report to discuss fracture mechanics 
but it is essential to discuss briefly the 
significance of the critical fracture 
transition temperature concept as it 
relates to the performance of ferritic 
steels in the presence of a sharp crack 
In the absence of notches, even mild 
steels may be deformed severely without 
fracturing at temperatures as low as 

80° F, as indicated by explosion-bulge 
tests. For welded structures, the 
concept of inherent flaws is quite 
realistic; accordingly, it is necessary to 
consider the fracture behavior of the 
steels in the presence of sharp, crack-like 
flaws as the practical case in service 

Crack-starter tests, in which speci 
men loading is accomplished either by 
the impact of a drop weight or by 
explosion,* have been developed at 


* (Crack-starter teats evaluate the fracture 
characteristics of apecimens which are loaded | 
the presence of the sharpest possible type of 
noteh— cleavage crack Crack-starter test 
specimens feature a bead-on-plate of a high! 
brittle, hard-surfacing type weld The sole pur 
pose of this brittle weld is to function as a ‘crack 
starter Upon loading of the specimen, the 
weld cracks, thus, introducing a cleavage crac} 
into the steel being tested. Crack-starter test» 
of 3'/, «x 14 in. & plate thickness specimens 
loaded by the impact of a falling weight, wit 
conditions adjusted so as to obtain only incipient 
yielding, are described as drop-weight test 
Crack-starter tests of 14 x 14 in. & plate thickness 
specimens whick are placed over a circular div 
and loaded by the action of an offset explosive 
charge, are termed explosion crack-starter teste 
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MILD 
20° 30° 50°F 
# 


3) is a field 

of determining the fracture 

mgation characteristics of the steel 

racture initiation is “‘foreed,”’ 
igure 44 illustr 1 typical test 
Serie or ule | ship plate. At 
flat, indicating 


mi duetil temperature as 


would be indieated by drop weight test), 
ng’ for initia 

to 60° F, 

to initiate the 

bulging; how 

ontinues through 

edge regions 

that once started at a 

position of forcing, the fracture will 
continue through material that is under 
@lastic load In the range of SO to 
120° FF, fraetu occurs only in the 
leformed center material, 
opagation will be 

il that hes been 

embrittled by plastic loading (cold 
work At 140 ind higher tempera- 


ture only shear tearing is possible; 


that is, the metal is completely ductile 


If extra-hea eXplosive charges are 


used for tests at temperatures above 


Fig. 3 Explosion crack-starter test method. (Top left) Test plate in refrigeration 140° F, deep bulges are produced with 


cabinet; (top right) plate positioned over die; (bottom left) explosive wafer hear tears radiating from the erack- 

positioned over test plate by means of cardboard box; (bottom right) schematic tarter weld, Fig. 4B 

of test The periormance of steels 
temperature will be de- 


NRL for the determination of critical material fracture transition fined in terms of the three critical frac- 


fracture transition temperatures of for elastic loading ture transition temperatures The steel 


of Fig. 4A will serve to illustrate the 
gnificance of the rms as follows 

1) NDT nil ¢ uy tranaiion), 

Below this temperat 20° F of Fig. 

1A) the steel deform prior to 


steels in the presence of ultra-sharp 3) The temperature above which 
cracks The crack-starter tests are nly shear tearing is possible 
simed at defining three critical tempera irrespective of severity of 
tures, as follows plastic loading (fracture 


transition for plastic loading 
fracturing, 14 fractiire occurs immedi- 


ately on re the point The 
fractures propugats eneily through 


(1) The temperature below which the 
steel loses all ability to deform The drop-weight test (Fig. 1) is ¢ 
in the presence of a sharp crack laboratory method for defining the 
i.e., nil ductility, “7 elongation temperature of nil ductility (9) elonga elastic-load region 
() tion 0). The significance of this test 2) FTE (fracture transition for elastic 
2) The temperature below which illustrated in Fig. 2 by the sharp fall oading telow this temperature (70° 
brittle fractures will run n duetilits with temperature to I’, midspan o S range of Fig. 4A) 


throug) elastically loaded essentially zero ulus The explosion fracture propagat through elastic- 
100° F 


> 


FRACTURE 
TRANSITION 


| 


BULGE "FLAT BREAK" 


Fig. 4A _ Explosion crack-starter test series of a typical Fig. 4B Illustrating failure by shear at temperatures above 
ABS-A type ship-plate steel depicting: (a) nil ductility 140° F for a typical ABS-A type ship plote. Extra heavy 
transition at 20° F (flat break); (b) fracture transition for charge used to develop deep bulge 

elastic loading at 70° F (mid-point of through to stop, T-S 

range); (c) fracture transition for plastic loading (crack 

refusal at 140°” F) 
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loud regions while above this tempera- 
ture fractures propagate only through 
plastic-load regions At the FTE 
temperature, considerable forcing” 
(great deal of plastic deformation) is 
required to initiate fracture, As the 
temperature is lowered to approach the 
NDT temperature the amount of 
forcing” required falls off rapidly 

(3) FTP (fracture tranailion for plastu 
loading). Above this temperature (140° 
Fk of Fig. 4A) brittle fractures cannot 
propagate even through material which 
is plastically deformed severely by high 
over-stressing 

The results of the sharp-crack tests, 
defined in terms of the three critical 
fracture transition temperatures, pro- 
vide a guide in the use of steels for 
various conditions of anticipated load- 
ing, as indicated in Fig. 5 

(A) Cane of General Service In such 
service, all portions of the structure 
remain within elastic loads, except for 
corners, cutouts, et where minute 
amounts of yielding (shakedown) may 
oceur. Uf fraeture initiation is to occur, 
it must be as the result of the steel being 
unable to deform even slightly in the 
presence of a sharp crack Such 
behavior requires that the steel be at or 
helow the NDT temperature; accord- 
ingly, the subject temperature is critical 
to this ease of loading. Above this 
temperature, “foreing’’ is required to 
initiate failure, indicating that there is 
a large margin of safety in design; 
below this temperature, design is critical 
and must not permit yielding to develop 
at crack-flaw positions 

(1h) Case of Accident in Service, 
Accident is defined as a condition such 
that a local rezion of a structure is 
deformed by collision, impact, ete 
This provides the “foreing’’ required 
to initiate the fracture at temperatures 
above the NDT Once initiated, the 
fractures will propagate through adja- 
cent material which is under nominal 
elastic loads if the temperature is below 
the PT, or will stop at the edge of the 
deformation region if the temperature 
is above the FTE. It is interesting to 
note that FTE as determined by the 
explosion tests is in good agreement with 
the sharp rise from low stresses to yield- 
point loading in the stress for fracture 
vs. temperature curve of the Robertson 
test® (Critieal Arrest Temperature 
CAT), and that of the Esso Research and 
engineering Co, Brittle Tempera- 
ture, EBT). This agreement was estab- 
lished by mutual tests of the same steels 
ofthe ship plate type. The significance 
of the FT in design is that below this 
temperature propagation of brittle frac- 
ture through the elastic-load regions of 
a structure is a possibility, provided a 
“forced” start is obtained; above this 
temperature, this possibility need not 


be considered. An example may be 
made of a ship hull dented by collision 
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temperature, the fracture will be con- 
tained in the dented region 


continued propagation is possible out- 
side of the dented region 

Case of Severe Military Service. 
defined as the ultimate in loading such 
the structure is deformed over 
large area (action of explosion on ship 


WAT 


(B) ACCIDENT CASE 


DEFORMATION 


hull, for example). This case provides 
the utmost of forcing, and propagation 
is through deformed material If 
propagation of brittle fracture must 
absolutely be prevented even in the case 
of such drastic loading, it is necessar) 
that the material be above the FTP 
temperature. This case also covers the 
condition of severe fabrication opera 
tions (cold forming of weldments, et 
In a broad sense, the behavior of the 


SIGNIFICANCE 


FTE 


Fig. 5 Significance of crack-starter test results relative to specific service applica- 
The "X"’ mark side represents condition for material above the respective 
transition temperatures; the other side represents conditions for material below 
the respective transitions 
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Fig.6 General relationships of crack-starter test results of ABS-A type semikilled 
mild steel to Charpy V energy transition curve 
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Fig. 7 Relationship of explosion crack-starter tests to Charpy V curves of 


"K"' (top, steel No. 1) and 


Fig. 8 Crack-starter tests of |-in. “K" prime plate (steel No. 6). 


"X" steel (bottom, steel No. 8) 
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tests ( e iol 12°, Vt ition cul 
ranges of possible et In these test the FTI FY bn ised to ‘ t the 
[certain conditions ture taken as the midpoint of the T-S racture transit temp 
are imposed. Design and inge (see Fig. 4A) in the explosiot seneral relati exta 
notches and temperature n if 4) il the ‘ tvin t 
response of the steel to NDT temperature est hed | the ture vo fm 
malitior The critica drop-weight test The FTP tempera ganese and his 
tion te perature oncept ture i te ote retusn ist ted i 
estal hye three points t weture n the test Wil ten tests 
which. as found to be ' niv at 100 20° | te nel it est 
d, major ihove the NDT te erature Because ft tenpenti 
teristics itl com tionship it possible for the NDT te 
to establish the NDT temperature b rrelation ) to 8 
use of the relative mple droy higher than 10 ft-lb 
eight test and then to predict the FTI erature 
= ind ETP temperatures within relative 
narrow temperature range 
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Table | 


Observed range 


of Charpy V 


correlation 


Conservative ‘fiz’ 
(high end of range), 


Average 
(usual value) 


Steel with NDT, ft-th ft-lb ft-lb 

Kimmed mild steel" to 5 7 
Semikilled mild steel, A-7 of 

equivalent” 5 to 10 7 
7 to 42 
Fully killed mild steel 

(Norm. ALB 15 to 24 17 20" 
High-tensile steel (Norm. HTS) 14 to 45 23 su)" 
ll to 40 20 
Quenched and tempered steel 

(250 BIN 20 to 45 25 
Quenched and tempered steel 

(475 BHN) li to 16 
12% Cr ateel 10 to WO 15 20 
Nodular and malleable iron Sto 8 5 &! 


* Includes 7 ship fracture steels, 
Includes 11 ship fracture steels 


“ Of 17 steels tested, only 3 cases observed to be higher than 15 [t-lb 

“Ol 7 steels tested, only one case above 20 ft-lb 

* Only two steels involving steep Charpy V curves observed to be higher than 30 ft-lb 
In the steep portion on these curves, a change of 10° F may result in a large change in {t-lb 


position 


15 wteels tested, four cases observed to be 25 [t-lb or higher. 
* High-hardness steels usually display Charpy V curves which do not rise to high maxi- 


mum values in Charpy V tests 
OF 28 ateels tested, only two cases above 21 ft-lb. 
* Approximately 50 test groups, no exceptions 


values of Charpy energy. Por example, 
the temperature difference between 15 
and 30 ft-lb for a steel of steeply rising 
Charpy V curve may be 15 to 20° F 
while the difference between 5 and 10 
ft-lb for a steel characterized by a long 
tail may be of same order 

Detailed analysis of the data for all 
steels indicates that, irrespective of the 
range of values indicated in Table 1, the 
NDT temperature defined by the 
drop-weight test always falls within a 
range of 30° F about the Charpy V 
temperature indicated as the average 
fix value of Table | 

As the type of steel changes, the use 
of Charpy V curve values to define the 
PTE and FTP temperatures is difficult 
because of the varying slopes of the 
different maximum 
values of energy which are obtained 
The most direet method is to estab- 
lish the NDT temperature by the de- 
seribed fix procedure and then to add 
th ST” correction to 
establish the approximate FTE and 
PTV temperatures. The addition of 
30 to 40° F to the NDT to establish 
the FTE gives excellent results. Simi- 
larly, the addition of 80 to 100° F to 
establish the FTP is a safe procedure. 
Iixplosion crack-starter results indicate 
that the correct temperature normally 
will be within these ranges 
Materials 

The high-strength materials reported 
herein varied in thickness from '/) to 
with the exception of ASTM 


curves and = the 


temperature 


280-8 


A302 which represented material 2! 


to 4'/, in. thick. Table 2 lists the code, 
type, thickness, and chemical analyses 
of the test materials. The basie groups 
are as follows: 


illustrate K steel performance which 
indicate resistance to brittle fracture 
at —100 to —120° F. Drop-weight 
tests of this material developed NDT in 
the range of —170 to 200° F By 
interpolation, the FTE should be 
located in the range of —130 to — 160 
F. 

It should be noted that not all of the 
K material investigated was of this 
high quality. Figure 9 illustrates 
production material with —S0 to 
—120° NDT. Explosion tests of the 
—120° F NDT, K located the 
FTE at approximately —70° F and the 
FTP at approximately 20° F. The 
—80° F NDT material was not avail 
able in sufficient quantity for explosion 
tests; however, the FTE is predicted 
to be in the range of 1 to —30° I 
and the FTP in the range of 0 to 20° | 
It is interesting to note that the —S0° I 
NDT steel was shifted to 170° | 
NDT on full reheat-treatment and the 
-120° F NDT steel was shifted to 

200° F. Equivalent shifts 
developed by the Charpy V curves of 
the steels. These data were interpreted 
to signify temper-embrittlement dam- 
age developed during or following the 
commercial tempering treatment 


stee! 


were 


Response of K Steel to Temper- 
Embrittlement Treatments 

It is well known that K material may 
be embrittled by slow cooling through 
the 1150 to 750° F range following 
tempering at 1200° F or by reheating 


Steel Type No of heats teated 
K (Code) A Standard Navy quenched and tempered steel of 
Krupp type 7 
HY-80 A low-carbon variety of Krupp steel l 
“X" (Code ) Proprietary quenched and tempered steel 9 (10 plates 


(Code) 


Proprietary low-carbon quenched and tempered 


steel 2 (5 plates 
HTS Standard Navy high-tensile steel 20 
A302 Commercial Mn-Mo high-tensile steel 9 (15 samples) 


A208 Gr D 


Commercial low-carbon 3'/, % 


Ni steel 2 


In addition to testa of as-received 
material, certain of these steels were 
reheat-treated, to check on the develop- 
ment of improved properties or as a 
cheek on 
ceptibilities, as pertinent to the steel in 


temper-embrittlement —sus- 


question. 


Crack-Starter Test Results for K Steel 

The Krupp-type steel (Mil-S-20154) 
represents a relatively high-alloy steel 
(nominal analysis 3.259% Ni, 1.25% Cr, 
0.28% C) 
structural steel for applications involv- 
ing relatively high-strength levels 
(100,000 psi minimum yield strength 
and 250-280 BHN). 

Because of limitations of equipment 
it has not been practical to conduct 


which has been used as a 


explosion crack-starter tests at tempera- 


tures below —120° F. Figures 7 and S 
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into this range." The degree of 
embrittlement is a function of the time 
the steel remains in the embrittlement 
temperature range either by virtue o! 
cooling or holding, and of thy 
chemical composition. 
Cr, and Mn contents promote suscepti 
bility to temper brittleness while addi 
tions of Mo have a counteracting effect 
The temperature of most rapid embrit 
tlement is approximately 950° F. Tem 
per embrittlement is detectable only by 


slow 
Increasing Ni, 


notch-toughness tests; no measureable 
changes occur in tensile properties or 
hardness. Temper brittleness 
believed to be due to a precipitate at the 
grain boundaries of an unknown com 
pound, probably a carbide, but still not 
identified. The reaction is reversible 


in that heating to temperatures slightly 
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Table 2—Data on Test Materials 


21 HTS 0.15 0.95 () 22 015 0.11 001 
22 HTS 0 16 1 33 0 26 0 26 0 O5 ool 0.05 
23 HTS ‘ 017 1 2) 0 26 0 12 0 12 0 12 
24 HTS | oll 117 0 30 013 0 13 0 04 0.06 0.02 
25 HTS | 27 0 03 13 0 03 0 06 04 
26 HTS | 16 047 26 0 10 0 20 04 0 O8 0 03 
27 HTS 17/16 0 16 0 08 0 24 0.10 0 20 0 04 0 06 004 
28 HTS 0 14 1 06 0 21 0 10 01 0 04 O8 0.05 
HTS O15 (2 0 30 20 0.07 0 08 12 O05 
30 | 0 O05 

HTS | 
34 HTS 

HTS 

HTS O15 1 37 0 26 10 22 0 
37 HTS O15 1.24 0.10 12 0 O4 

HTS | O14 113 0 34 0 10 0 O4 

HTS 0 16 117 25 17 0 15 

A302 0 19 | 24 20 23 0 O8 0 

A302 2 20 1 25 27 14 Oo” 

12 A302 0 1 34 0 32 12 13 0 

4 A302 2 0 20 11 0 18 i2 22 

14 A302 24 1 4) 29 12 007 42 

A302 26 1 43 20 0 05 0 07 0 52 

it) A402 0) 27 1 43 20 0 07 52 

A302 2° 26 1 41 0) 27 0 07 0 () 52 

18 A302 2 0 20 1 4] 0 27 0 O05 0 10 () 52 

A203G-D 12 72 29 0 19 40 0 0% 

A203G-D 60 


over the precipitation range (1200 or ment which may be developed differ est for the evaluations of castings by 
1250° F) and fast cooling restores notch considerabl for rious K plate Charpy V test 
ductility depending on composition The signifi 

Figure 10 presents a comparison of cant feature being demonstrated here Crack-Starter Tests of "X" Steel 
properly heat-treated -in. K tee! is that the Charpy V curves fully predict \ tes epresents relatively low- 
water-quenched from 1200° F temper the extent of embrittlement developed lov commercial steels containing boron 
ing temperature) with material that was by these treatments ind zirconia Metallurgical and 
tempe! embrittled as the result of slow hardenabulit haractertstics of the 
cooling ‘ir from the tempering Crack-Starter Tests of Cast K Steel nominal composition are such as to 
temperature, and material that was It has been demonstrated for mild develop through-hardening easily when 
reheat-treated for 4 hr at 950° | It teels that cast and rolled steels behave heat treated in section sizes up to 
may be seen that the damage resulting exact the same in the crack-starter approximate in. thickness Ie 
from air cooling is sufficient to raise the test if their Charpy V transition ranges quirement fe the conservation of 
FTE to approximately) 60° F and the re developed over the same tempera ritical he material in times of 
FTP to approximate! 20° | The ture range That Charpy V curves emergen make the investigation of 
severe tempe! embrittlement resulting have exact the wrhitieance tor noteh-ductiit haracteristics of thir 
from 4-hr reheating times at 950 I wet or rolled steels This poimt is ind similar low-alloy steels of particular 
raised the FTE and FTP to over + 100 demonstrated also for quenched and interest 
i It should not be interpreted that all tempered ster hig. 11) by comparsion The ultimate strength level obtained 
K plates should perform in thir fashion of crack-starter teste of cast and rolled in fully hardened alloy steels is, of 
since the extent of temper embrittle K plates This comparison is of inter cours ied in heat treating by 
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Code Steel Thicknes Chemical ana 
Vo n Vn, & Si, F ( / \ / Vi | 
k () 28 0 17 0 1 20 0 O05 
2 K 0 32 20 0 10 1 36 0 08 0 07 0.00 
kK 0 30 29 () 24 1 30 12 0 00 0 O01 
K (cast 25 015 ou 1 55 2 20 
5 0 29 0 29 0 12 1 40 2 0 07 0 O17 
6 kK 0) 24 22 4 1 4] 04 0 008 
7 K | 0) 27 22 0 10 1 294 0 10 0 OO OO 
0 30 0 42 61 0 69 0 O05 18 0 O05 
9 G31 1 oo 0 52 0.77 06 020 
10 0 31 1 43 0 55 1 52 0 08 0 42 0 OO 0 005 
0 33 1 46 0 55 1 47 0 06 42 O4 0 
{2 “ 0 33 1 26 0 55 1 63 0.05 18 Ob 0 005 : 
13 24 1.55 0.19 0 08 0 08 87 0 04 0 001 
0 29 1 65 20 0 10 0 05 0 83 0 
15 0 20 1 55 O17 0 19 0.07 0 05 0 
16 0 30 1 56 10 oO 16 0 07 0 32 oot 0 OO] 
17 HY-s80 015 0 26 0 26 1 00 2 2) 23 0 OO 0.00 
0 14 097 0 26 0.50 0.88 0 50 009 : 
19 O17 0 90 0.18 0 61 0 ol 46 0 O06 
HTS 0 15 1.24 0 24 0.06 0 O01 001 0 01 


tempering at different temperatures, (250-280 BHN and 100,000 psi mini- 


The noteh-ductility characteristics mum ys) this material is indicated to 
which are developed at a particular have an NDT of approximately — 100° 
strength level, however, may vary from F; an FTE of —50° F; and an FTP of 
steel to steel, Consequently, various approximately 0° F. The explosion 
“XX” type plates were tested after heat crack-starter test results for one of these 
treatment to two strength levels. On steels are shown in Fig. 7 (bottom) 

the basis of two plates heat treated to a In order to provide data on such 
strength level comparable to that steels heat treated to strength levels 
obtained in fully tempered K_ steel higher than that considered above for 


2 32.0 28528 
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Fig. 9 Improvement of poor quality K-steel by reheat treatment. Note shift in 


nil ductility transition by approximately 100° F upon laboratory reheat treat- 
ments, Solid dots represent nil ductility transition temperatures and their relations 
to Charpy V energy 
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(200 F700) 
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Fig. 10 Explosion crack-starter and Charpy V test results for * ,-in. "K" (steel 
No. 2) depicting optimum notch toughness when water quenched from tempering 
temperature (1 200° F/WQ); moderate temper embrittlement as the result of air 
cooling (C1200° F/A.); and severe temper embrittlement resulting from reheating 
to 950° F(1200° F/WQ plus 950° F/AC) 
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conventional structural applications 
“X" type material was tested after 
heat treating to hardnesses of about 
360 BHN (approximately 160,000 psi 
ys). Figure 12 presents the results of 
drop-weight and Charpy V tests made 
of plates taken from various heats of 
such material heat treated to this 
strength level. It is pertinent to note 
the relatively low-maximum energy 
shelves obtained in Charpy V_ tests 
(all heats displaying less than 30 ft-lb 
maximum energy shelf). Such a re- 
duction in maximum energy is 
characteristic of relatively high hard- 
ness quenched and tempered steels 
The experience gained in crack-starte: 
tests of steels which display low- 
maximum Charpy V energy shelves has 
indicated that FTP relationships are 
still applicable; i.e., only shear fractures 
are developed at temperatures higher 
that that at which Charpy V specimens 
display 100% shear in fracture appear- 
ance, However, steels displaying ex- 
ceedingly low-Charpy V energy shelves 
(e.g., 15 to 20 ft-lb) absorb less energ: 
when rupturing in a shear fashion than 
that absorbed by the shear tearing of a 
similar steel which displays a high- 
Charpy V energy shelf (e.g., 80 to 100 
ft-lb). Thus, for steels of a similar 


‘strength level, the application of suffi- 


cient energy to produce ductile tearing 
at temperatures above the FTP should 
result in somewhat longer ruptures in 
the steel characterized by a low-Charpy 
V energy level. The test results on 
“X”’ type steel heat treated to 360 
BHN indicate that the NDT may vary 
from —20 to —100° F. Accordingly, 
it is estimated that the FTE could vary 
from +20 to —60° F and the FTP 
from +60 to —20° F. 


Crack-Starter Tests of HY-80 


A material equivalent to a low-carbon 
K steel (nominal analysis 2.259 Ni, 
1.10% Cr, 0.20% Mo, 0.16% C) 
specified for certain structural applica- 
tions (Mil-S-16216, 80,000-95,000 
vs) is commonly termed HY-SO. Figure 
13 and Table 3 present the results of 
drop-weight and explosion crack-starter 
tests of HY-SO material as-received 
from the mill in comparison to material 
reheated for 4 hr at 950° F followed by 
water quenching. Since the maximum 
rate of temper embrittlement occurs at 
approximately 950° F, the data, as 
suggested by the high Mo content, are 
interpreted to indicate that HY-SO is 
not susceptible to temper embrittlement 
In the as-received and reheated con 
ditions the fracture characteristics of the 
HY-80 plate are as follows: NDT, 

-130° F; FTE, 90° F; FTP 
—40° F. 

Figure 13 illustrates that the tempera- 
ture of transition in the fracture proper- 
ties of this steel are predicted correctly 
by the Charpy V transition curves 
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60% 
Q&T (1200°F/ WO) — 


Crack-Starter Tests of "Y” Steel 
steel represents a commerce! 
high-vield —strengt! 
material containing less 
Mo, Cr ety 
structural applications 
quenched and tempered condition 
(1700 j WQ 4 120) | temper 
strengt!} levels and hardnesses§ are 
nparable to those developes 
in fully tempered K steel (250 BHN 
100,000 psi 
starter test results completed tor ' ancl 
1 in. thick “Y” steel are summarized in 
Fig. 14 and Table 3. Four plates of the 


lrop-we ighit 


obtained 


ruck 


in. thick steel were 
tested to evaluate processing iriables 
(cross rolling vs. straight-away rolling 
and specimen orientation (transverse 
vs. longitudinal No significant dif 
ferences were observed due to these 
variables. The transition features of the 
crack-starter tests and Charpy V tests 
for the '/>-in. plate were equivalent to 
those of a I-in plate from a separate 
heat The NDT ranged from SO to 

90° F; the FTI 5O° F; and the 
FTP from approximately 0 to —20° I 
The differences in maximum Charpy \ 
energy shelf observed for the two 
thicknesses is not significant to brittl 
fracture characteristics; this fact has 
been demonstrated repeated! for a 
great variety of materials. The transi 
tion range is always the important 
criterion of the Charpy V test 

On the basis of tests of limited data 
for only one plate (Table 3 Y’ 
material is believed not to be susceptible 
to temper embrittlement since reheating 
for 4 br at 950° F did not result in 
shifting the NDT of material from the 
ein plate These observations corrob 
orate the claims of the manufacturer 


Crack-Starter Tests of HTS 

The material conventionally used for 
Navy structural applications involving 
moderately high strengths is a high-Mn 
steel termed HTS (Mil-S-16113 Grade 
HT, 88,000) psi maximum t and 
17,000 psi minimum fecause of 
improvements in notch duetilit 
material in. and thicker is specified 
to be furnished in the normalized rather 
than the as-rolled condition. Table 4 
summarizes the crack-starter test results 
for normalized HTS plat Steel No 
36 to 39 represent 1'/, in. thick plates 
obtained from an underwater test of a 
welded structure 

The material remo 
ture subjected to under 
tests represents another example ol 
service-failures which corroborates 
the predictions made as the result o 
crack-starter test data After 
able deformation was ce 
brittie 


structure, a fracture 


entirely to the 


confined plastically 
deformed region dimpled by the es 


plosion, was obtained in one of the 
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Fig. 11 Explosion crack-starter and Charpy V test results indicating equivalent 
performance of properly heat-treated cast K-steel (No. 4) and rolled K-steel 
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complying to the code. For reasons of 
economy and the greatest net return 
from the use of high-strength mater/als, 
the special pressure vessels have been 


constructed of ASTM-A302 material 


(30,000 psi minimum ts, 
minimum ys). 

During the past year, brittle-fracture 
failures of two such vessels constructed 
of heavy wall thickness A302 material 


50,000 psi 


TEMPERATURE 


Fig. 12 Charpy V and drop-weight test results of high-hardness “X" material 
(steel No, 10, upper left corner, to. No. 15, lower right corner) 
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Fig. 13. Charpy V and crack-starter test results (explosion and drop- 
weight) for HY-80 (steel No. 17) as received from the mill and after a 


4-hr reheating period at 950° F 
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have been experienced. The first of 
these brittle failures occurred during 
hydrostatic proof testing of the fabri- 
cated vessel at a temperature between 
55 and 60° F (Fig. 16). The second 
occurred at an identical temperature 
range in a partially fabricated vessel as 
the result of residual welding stresses 
developed during the welding of the 
manway reinforcement Charpy \ 
tests of steel taken from these two 
“service-failure”’ 
the predictions made from drop-weight 
tests of these steels with reference to 
possible initiation of brittle fracture 
(NDT) at temperatures corresponding 
to the 20 ft-lb Charpy V temperature.' 
Drop-weight tests of these two failure 
steels indicated an NDT of 70° F for 
the first, and 100° F for the second 
failed vessel. 

For the development of optimum 
strength properties in A302 material, a 
heat treatment consisting of normaliz- 
ing and tempering is required. Because 
of questions related to the heat treat 
ment of the steel involved in the initial! 
failure, drop-weight tests were made of 
heavy-section A302 material after 
several different types of heat treat- 
Table 5 lists pertinent data 


vessels corroborated 


ments. 
relative to the tests performed on the 
various A302 heats. 
sents a graphical summary of these 
tests. The Charpy V curve and related 
drop-weight temperature 
(heavy dot superimposed upon the \ 
curve) are shown for the 3 in. thick 
(initial failure under hydrostatic test 
ing) and 2'/, in. thick (second failure 
due to residual stresses) A302 steels 


Figure 17 repre- 


position 


In appropriate locations of Charpy \ 
energy and drop-weight temperature 
the NDT results of the other steels are 
shown by the heavy dots and, the 
Charpy V curves for these steels have 
been eliminated for purposes of clarity 
An average Charpy V energy of approxi 
mately 20 ft-lb and a range of 10 to 30 
ft-lb appears to delineate the potentia! 
range of NDT characteristics for these 
A302 materials, That is, 30 ft-lb 
should be used as a minimum value for 
a safe fix for the NDT. 

For Naval applications such as air 
pressure vessels within interior holds of 
ships (minimum 
temperature of 40° F), new material 
is required to meét impact specifications 
of 30 ft-ib minimum at 10° FL This 
provides a safety factor of 30° F based 
on NDT and 40° F lowest operating 
temperature. The dashed curve of 
Fig. 17 represents the authors’ estima- 
tion of the minimum acceptable heat 
under the new specification. Materia! 
of this nature (or better) should preclude 
the possibility of brittle fracture initia- 
tion under normal service conditions as 


estimated service 


stated above. 
For the “accident case’ (Fig. 5) 
there is a small probability of failure 
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In Fig. 18, the conventional keyhole 
Table 4—Brittle-Fracture Characteristics of HTS Steel scatterband data are lacking for steel 
No. 49 since no tests were conducted 
it intermediate temperatures between 
260° F and 320° F (kevhole values 
24, 26 and 27 ft-lb were obtained 

nd 5, 6, 8 and 9 ft-lb 

On the basis of 


Thickne 
Vormalize VbD1 


unfired pressure 
ft-lb minimum keyhole 


impact value at lowest service tempera- 
ture) steel No. 49 would meet approval 
for use at — 260° F (70° F below NDT 
of 190° I) and steel No. 50 for use at 
220° F (90° F below NDT of 130° 
I). The 20 ft-lb Charpy V_ tempera- 
tures, however, are indicated by these 
data to be the approximate “fix’’ for 
the NDT It i een that the use of 
such a criterion (20 ft-lb V) for these 
steels would permit the use of steel No, 
19 (NDT of 190° ) but not the use 
of steel No, 50 (NDT of —130° F) for 
service at temperatures of 1° FF 


Comparison of Charpy V and 
Keyhole Data for Quenched 
‘yy slues deduced by AT correction and Tempered Steels 

t This plate developed brittle fracture contained entire ithin plastic deformation 


region in underwater explosion tests in 60° F water As the re tudics involving 
pecimens the 


transition curve is 
at 40° F since a 0° F, NDT material received condition NDT values of con d by most research investiga- 
(minimum aecepted) should have an 190° F and 130° F were obtained oO provi e most significant 
FTE in the range of 30 to 50° J The respectively for the in. plate and ind practical method of correlation to 
probability is considered reasonably l-in. bar stock Tempering and testing performans welded structures 


small because it would be necessary to additional sections from steel No. 50 kevhol t, however is still 
have a combination of revealed no change in ND'I 130° | us sively in many industrial as 
orinthe Charpy V transition curve vell : \ Speciiications for pur- 


(1) A crack flaw 
(2) Minimum quality material 
(3) 40°/50° F operating temperature 
(4) “Accident” loading at the crack 
Thus, the 30° F safety factor based on V2 OM 097 056 088 050 009 000 
the NDT provides for additional safet I" O17 090 O61 O91 046 0.06 000) 


involving the possibility of accident in 


service 


NDT Evaluations of A203 Grade D 
Material 

A low-carbon, nickel steel 
frequently used for pressure vessels 
valves, fittings or pressure lines is 
covered by ASTM-A203 Grade ) 
Spe ihications Under SA300 this 
material is specified for low-tempera 
ture service for temperatures down to 

150° F providing average Charpy 
keyhole impact values of 15 ft-lb are 
obtained Commercial material from 
two heats of A203 in. plate and 
l-in. bar stock) was obtained for drop 
weight and Charpy tests 

The '/-in plate of 3'/.% Ni steel 


No. 49) was furnished in the normalized 


and tempered condition, however, the , 

l-in. 3'/.°% Ni bar stock (No. 5O) was 120 

furnished only in the normalized con TEMPERATURE (°F) 
dition. Figure 18 and Table 6 present 

the results of Charpy and drop-weight Fig. 14 Charpy V and crack-starter test results (explosion and drop-weight) for 
tests of the A203 material in the as '/y- (No. 18) and 1-in. (No. 19) "Y" steels 
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Fig. 15 Charpy V and crack-starter test results indicating probable 
range in quality expected for mill-normalized HTS plates (steel No. 21, 


top; No. 31, center; No. 30, bottom) 


poses of specifying notch-duetility re 
quirements It has been demonstrated? 
that the empirical relationships existing 
between keyhole and V curves for the 
rimmed and semikilled ship plate steels 
do not hold for other types of medium 
steels; e.g., fully killed, high-manganese 
For this investigation, 
it was considered of interest to establish 


medium steels 


the interrelationships existing between 
V and keyhole curves for the quenched 
and tempered steels, 

The empirical correlation established 
between V and keyhole curves for the 
ship steels has been based upon the 
temperature differential observed 
between the 10 ft-lb V and the keyhole 
midspan temperatures (approximately 


Fig. 16 Brittle fracture developed at 


A great number of 
the quenched and tempered 


20° F separation). 
steels 
however, develop “secondary shelves 
in the lower portion of the Charpy \ 
curve which preclude the determination 
of such a relationship Figure 19 
summarizes the significant features of 
V and keyhole curves as related to 
NDT for quenched and 
steels. For steel No. 9 (Fig. 19 top 
it is noted that the Charpy V curve 


maintains an average fracture energy of 


tempered 


approximately 20 ft-lb over a range of 
100° F (24 ft-lb at 120° F and 1s 
{ft-lb at 220° F) The NDT 

determined by drop-weight tests occu: 
approximately at the beginning of this 
The keyhole curve 
for this steel drops off only slightly in 


ser ondary shelf.”’ 


this range, and does not develop the 
scatterband-zone to temperatures as 
low as 220° F. Such behavior has 
been observed for numerous quenched 
and tempered steels. For such steels 
it becomes apparent that one must be 
cognizant of the complete transition 
curve, and that impact values obtained 
at only one 
highly 
notch-toughness of the steel in question 


temperature may be 
misleading as to the actual 


It has long been recognized that 
temper embrittlement is more readily 
revealed by Charpy V than by keyhole 
tests. The possible errors introduced 
by specifying keyhole values at single 
temperatures, are illustrated by the test 
results (Fig. 19, center and bottom) for Kk 
steel No. 3 described previously in Fig 
9. The laboratory reheat treatment of 
the mill quenched and tempered stee! 
resulted in an improvement of approxi 
mately 100° F in both the NDT and 
Charpy V transitions. On the basis of 
the keyhole midspan transition tempera- 
turer, however, an improvement of 
approximately 50° F is observed (— 200 


55 to 60° F during hydrostatic proof 


testing of 3 in. thick A302 pressure vessel and correlation of drop-weight 
test results indicating nil ductility transition of 70° F for material removed | ft 


away from source of failure 
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to be due to the laboratory 
reheat itment \Mlore importantly 
at the significant temperature of interest %MO0 
for these two steels 80° F (at whicl 21/2" 018 122 028 005 049 
temperature fracture initiation is poss! 020 018 056 
ble in the temper-embrittled steel but 
not in the laborator reheat-treated 
stee|! thre iverage keyhole impact 
values are hiyzher by 3 ft-lb for the 
temper-embi ttled steel than for 
reheat-treated steel. In addition 
the temperature range between 
and 160° F, the keyhole data indi 
the temper-embrittled steel to be 
notch tough than the laboratory 
treated steel For an criterion of FT-LB 4 © WOT FOR ALL 
reference based upon Charpy V_ tests ESTIMATED tor” ,@ | OTHER A302 


energy absorption, fracture appearance 


RANG 
ete it is obvious that these two steel 


* 

are evaluated in the same order as that ‘ ‘ — — SERVICE FAILURE RANGE 

established by NDT determinations f\ at 120 700 


TEMPERATURE (°F ) 


Comparison of Quenched and 

Tempered and Normalizing Fig. 17 Charpy V and drop-weight test results of heavy section A302 steels. 

Heat Treatments of Alloy Steels initiation of brittle fractures occurred at service temperatures of 55 to 60° F for 
It is well known that the optimum 3- (No. 40) and 2! /»-in. (No. 43) steels 

combination of mechanical properti 


and notch ductility ts obtained tn alloy 


steels by quench and tempering heat 
treating procedures aimed at developing 
low-temperature transformation stru 
tures It is of interest to compar 
properties obtained b normalizing 
alloy steels with properties resulting 


from conventional quen ing and tem 


pering treatments ible 7 and 


present data on cast steels obtained in 
the course of investigations of steels 
considered for possible use as ship 
propeller It is apparent that al 
thoug! strength properties de 
veloped hy thee two heat treatments 
are roughly equivalent, the NDT of 
the quenched ind tempered condition 
is greatl uperior 70 to 100° | 

to that of the normalized and tempered 
condition +40 to +600 I) Phus 
the use of the normalizing heat treat 


ment results in fracture initiation 
characteristics equiy tient to those of 


TEMPERATURE (°F) 


plain-carbon steels The primary pur 

pose of alloy additions to steels is the effect g. 18 Charpy and drop-weight test results of A203 Grade D steels 

they exert on hardenability as related 

to microstructure, By retarding high ' 

temperature transformation illoving introduced | 1) is O brittle ielding | rt 1x le in the presence 

rack-starte! ki method « eloped } rack and fracture results 
th Nava Laborator ! xplosio tarter teat, a 


» test method | ribed as the dro pia " n x pl thickness Is 


elements facilitate the development of 
low-temperature transformation prod 


ucts desirable for high notch ductility led | 

r} d explosion crack nin i reular ai mle 
Depending on the type nd amount of ght and | ner wk pi ind ed by 
1 ere util ‘| ‘ ie on of {| ve 
allo present or on the section siz ! iluate the [his test 
haracteristic ol the high-stren na e degre of forcing re 


treated, normalizing heat treatments 
tend to tiate the effect for which the 
alloy was intended 


q ad to iw eture (at tempera 

In the drop-weight test loading drop-weight test transi 
) dropping a weigh n mount of bulging 
Conclusions imp midspan of yped prior to fracture. In addition 
in. x pl thickness mion crack-starter test develope 
Testa were conducted at rious upported ot span yp is ning fracture propia 
1 under t ecimen to limit i gation | Dlishing the temperatures 


temperatures to determine the fracture places 
characteristics of high-strength struc specimen deformation to minute it racture propagate 
tural steels when loaded beyond the imounts wi may be described as ugh | onded edge-region 
yield point in the presence of a sharp incipient elding Thus, this test id f a to propagate 


erack defect The sharp-crack defect determines the temperature below which | load regions) or are 
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Table 5—Brittle-Fracture Characteristics of A302 


Code Thickness, NDT, 
Vo in Heat treatment a 
* 4 Ann. (1650° F) + Temp. (1150° F) 70 
Ann. (1650° F) 10 
Norm. (1650° F) 
“) Norm. (1650° F) + Temp. (1175° F 40 
1 y 4 Ann. (1650° F) 20 
Norm. (1650° F) 70 
Norm. (1650° F) + Temp. (1150° 
i Norm. (1650° F) + Temp. (1250° fF 20 
42 Norm. (1650° F) + Temp. (1225° I 0 
2°/i6 Norm. (1790° F) + Temp. (1150° 100 
M4 S/1 Norm. (1700° F) + Temp. (1150° F) OO 
Norm. (1700° F) + Temp. (1150° 70 
2*/s Norm, (1700° F) + Temp. (1150° I 
17 2/5 Norm, (1700° F) + Temp. (1150° I 70 
1s 2'/ Norm. (1650° F) + Temp. (1150° f Ww) 


* Samples from failed tanks (55 to 60° F failures); material within 1 ft of source point 


Table 6—Brittle-Fracture Characteristics of A203 Grade D Steels 


Code Thickness, 
Vo 7 ype in Heat treatment I 
A204D Norm. (1580° F) + Temp. (1200° F 100 
A203D Norm. (1650° F) 130 
A203D Norm. (1650° F) + Temp. (1200° F) 130 


restricted to the cold-worked (bulged) 
The utmost of resistance 
to fracture is also indicated in this test 


center regions 


by the development only of short, 
ductile shear tears 

The test procedures define three 
critical fracture transition tempera- 


tures, as follows 

(1) NDT (nil ductility 
Below this temperature the steels show 
no ability to exceed yield-point loading, 
“% elongation in the presence of a 


transilion). 


i,e., 
sharp crack is nil 

(2) FTE (fracture transition for elastic 
loading). Above the NDT temperature 
the steels show notch ductility to the 
extent that relatively large amounts of 
deformation may applied before 
fracture initiation occurs. The amount 
of prefracture deformation increases 
rapidly from the NDT temperature to 
the NDT plus 30/50° F temperature. 
While fracture initiation is diffieult in 
this range (requires forcing by plastic 
loading) propagation “easy” as 
indicated by the fact that the fractures 
continue through the lightly loaded 
edge-regions supported by the 
For all steels tested, the FTE tempera- 
ture is located approximately 40° F 
above the NDT temperature and marks 
the temperature above which fracture 
propagation becomes difficult and the 
within the 
central bulge regions, i.e., in the regions 
that are embrittled by cold work 
developed by bulge deformation The 
FTE temperature correlates with the 
Robertson transitions 
which mark above 


be 


is 


die. 


entirely 


Iractures remain 


test 


temperature 


and 
the 


Puzak, Pellini 


which fracture propagation through 
elastic-load regions is not possible 

(3) FT'P (fracture transition for plastic 
loading). This temperature, located 
for all steels approximately 100° F 
above the NDT and 60° F above the 
FTE, marks the temperature 
which the explosion test may tear the 
stee] shear but cannot 
brittle fracture. This 
represents a point of absolute ductility 
irrespective of the severity of loading 

In recognition of this behavior 


above 
by develop 
temperature 


the 
various steels are characterized by the 
development of transitions from com- 
plete ductility to nil ductility over a 
range of temperatures defined by three 
points of critical change in fracture 
characteristics—FTP, FTE and NDT 
as described, 

The following table summarizes the 
critical fracture transition temperatures 
of various high-strength steels. In the 
of which were tested 
quantity, the values represent average 
performance (A); tests of a limited 
number of steels are indicated as (LL 


case steels ip 


A special case is made for A302 casualty 
material from failed 
and minimum quality material falling 
under a new Navy specification. Values 
for ship plate obtained from wartime 


pressure vessels 
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Fig. 19 Relationship of Charpy V and keyhole curves to nil ductility 
transition for quenched ond tempered steels 
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ships and from wartime stock are also region Above the FTP teniperature 
included for comparison purposes t is possible only to tear the steel in a 
These latter steels (of semikilled or ductile manner 
rimmed variety) varied in thickness For the hig trength steels. the NDI 
from » to l ,in, and approximate! temperature enerally related to the 
33 ship-plate steels were tested.24 20,30 ft-lb temperature of the ¢ harps 
Steel / FTP / 

Ix ISO (A 140 (A LOO CA 
HY-S80 (1 OO 
X* (250 BHN 100 (1 (I 10 (1 
yt ine Tine 
HTS (norm (A BOCA 
A302 (casualty I 70 120 (P 170 (P 
4302 (casualty II 100 (P 200 (P 
A302 (new spec min 

quality 10 60 (P 
A BS-C (norm 20 (1 20 (1 
4203D 130 1900 (1 150 (1 (1 
Ship plate of ship fracture 

type 20/30 (A TOCA (A 

Nott A) Average; (L) Limited t P) Predicted valur 

*“X"" Commercial quenched and tempered steel; 0.30% ¢ 100% Mn, 0.50% Si 
0.75% Cr, + B+ Zr 

thee Commercial quenched and tempered steel; 0.15% C, 0.90% Mn, 0.20% Si 
0.50% Cr, 0.90% Ni, 0.50% Mo, 0.05% V 

It is interpreted that if sharp cracl V energy transition curve Some of 
are present in structures, a possibilit these steels do not reach relatively high 
of fracture initiation exists when minute maximum energies; as an example 
amounts of yielding in the vicinity of steels of relatively high hardne vhich 
the cracks are developed at tempera- ordinarily have a maximum Charpy \ 
tures below the NDT transition In energy of 30 {t-lb or less, are charac 
the range of temperatures between terized by NDT temperatures related 
NDT and FTE transitions, sever to the 10/15 ft-lb Charpy V tempera 
plastic deformation must be developed ture. The procedures by which Charp 
n the structure to initiate fracture V data may be utilized for the approxi 
when initiated, however, fracture propa mation of the three eritical fracture 
gation is possible in regions outside of transition curves have been presented 


the location of ‘forcing At tempera 


The determination of the NDT tempera 


tures in the FTE to FTP range, very ture by drop-weight tests makes it 
~evere plastic loading is needed to possible to estimate the PTE and FTP 
initiate fracture and the fractures may temperatures to within relatively narrow 
run onl in the pla ti deformation tempers ture range of the 
Table 7—Chemical Analysis 
Heat A Vn % Si Y Cr Vil Vo &% VY 
0 25 0 0 70 1 02 0 28 0 06 
NREL D40 (A900 steel 0 19 0 6S 44 1 41 0 41 
Commercial AQ) steel 0 16 to 047 {) 0 45 0 
Table 8—Results of Heat Treatment 
) / 
Heat hip kip 
Heat in treatment RA, % EL, 
D50 WQ & Temp. (1 $2 104 2! 70 
WQ & Temp. (1 10% A) 22 
Norm. & Te 2 is 20 OO 
Norm. & Temy Ot 2) 
AOD «tee! (4) & Temp. (4 10 4 
(Commercial 
steel rm. & Temy 
* Plates 4 x 14 x 14 in. and | 14 14 140 and D50 Ri, Cast Heat numlx 
Commercial, represents material obtained fre ome mar 
t (1) 1650° F, AC, 1550° F, WQ, 1250° F, Ft 2) 1650° F, AC, 1550° F, AC, 1250 
} AC 1700" I 1225° | 1700" | | ») 16757 
FC, 1750° F, AC, 1150° F, F¢ 
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Pu as 


Pr 


llini 


Charpy Teat 


tempered 
in 


venched and 


ondary shelves” 


tru ZO It-Ib region single tempera- 
ture det f Charpy V impact 
nergies are not adequate, and may be 
misleading with respect to the 
not wetilit f the steel The NDT 
t erat enerally occurs near the 
these econdary shelves.”’ 
| e} ‘ relation purposes, it is 
f ible to establish the complete 
( ir] V en transition curve 
The high-strength steels have been 
own te ite greatly from the 
emy il relationship for Charpy key 
le midspan and Charpy V_ 10 ft-lb 
temperature established for the mild 
In addition, experience has 
in ted that t was exceedingly 
diff t to establ the keyhole mid- 
temperature for steels which 
quire testu at temperatures of 
220) to (00° Fin order to establish 
the position of the seatterband range, 
Singh temperature keyhole energy 
lets ination ure highly misleading 
nd may result in considerable error 
th respect to the estimation of notch 
toughness of these steels, For example, 
t has been shown that single tempera- 
ture keyhole tests in the temperature 
range of possible initiation of brittle 
fracture ma n fact, indicate a temper- 
embrittled steel to be more notch-tough 
than the same steel heat treated to 
mtiimum toughnes and properties 


bor ervics 


correlation purposes, Charpy 


VY energy transition curves are pre- 
ferred 

It should be appreciated that pro 
duction steels have quality range; a 


range of 60° J NDT is not unusual 


The wartime ship-fracture steels (1S 
investigated howed at least such «# 
pread (O° F for the best and 60° fF 
for the worst ixamples of greater 
pren ive been encountered in other 
type Phus, the data presented herein 
ire considered to provide a guide as to 
the probable tolerance of the various 
ter vith respect to specific tempern 
tures and to various types of anticipated 
loading | ertain applications 
where the steel i he of borderline 
quality f the intended service (ASO2 
for example) rigid noteh-ductility speci 
fication he necessary to achieve 
close contre On the other hand, for 
ter uch as K type, which are ex 
ected t e eritieal fracture transi 
t ' the intended service 
ture plified procedures 
dets ‘ ether proper heat 
treatment was applied may be used for 
ntrol Phis, for example 
id be the we for & quenched and 
tempered tee f general | 
NDT type to be used only at 
att pre tures 
cdgment 
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Large Test Chamber 
Erected by Cornell 


A hangar-sized test chamber on the 


Cornell University campus in Ithaca, 
N. Y., is giving university engineers a 
hetter tool for finding out how strue- 
tures and materials react to the stresses 
and strains of actual use 

The unusual facility is designed to 
act as a huge testing machine, capable 
of pulling, squeezing, bending and 
twisting structures as big as a medium- 
ability to put a 
strueture to three-dimensional tests is 


sized house Its 


said to give it an advantage over con 
ventional testing devices of its range 

Although tests so far have been 
limited to comparatively simple struc- 
tures, the chamber can handle full- 
seale bridge and airplane components 
and other units of similar size 

Filling a wing of Thurston Hall, the 
chamber soars 40 ft from a floor that is 
5 by 60 ft in area 
ean be applied from ceiling, floor and 


Forces and loads 


side walls in all sorts of combinations 
and up to many thousands of pounds 
A 40 by 90 ft lower ceilinged part of the 
same offers additional 
space for such work 


testing aren 


290-8 


The big test bay is the realization of 
a desire of 8. C. Hollister, Cornell's 
dean of engineering, “to simulate the 
real performance of engineering struc- 
tures and devices under the complex 
conditions of actual use.” 

One current 
mental study of a full-seale pressure 


project is an expert- 


vessel being conducted by Prof. KE. T. 
Cranch to confirm caleulations made 
by Prof. P. P. Bijlaard at Cornell under 
a contract with the Welding Research 
Council 

Internal forces are created by pres- 
surized oil within the tank. External 
forces and couples are applied to various 
pipe attachments. The strains in the 
neighborhood of the pipes are measured 
with electrical strain gages 

Rugged as well as versatile 
have likened it to a torture chamber 
the hall is floored with 18 in. of rein- 
forced concrete that can withstand a 
load of 100,000) psf, 
tion of the floor, about 20 ft square, is 
concrete down to bedrock and can take 


some 


The center por- 


any conceivable load 

Twenty-seven steel anchors to bed- 
rock can take an upward pull of 200,000 
lb apiece. Steel columns, supporting 
a crane and the roof, will withstand 
forces of three-quarters of a million 
pounds “ach, 

Yet to be installed is a box-shaped 
girder spanning the width of the room 
height. Thi 
will allow loads to be applied at any 


and adjustable to any 


number of locations on large structures 

The test wing has more conventional 
apparatus too: a 400,000-lb universal 
testing machine that can test beams up 
to 40 ft long, a device for testing col- 
umns up to 17 ft tall, two movable 
testing machines of 100,000-lb capacity 
for use anywhere in the chamber and 
in any direction, four fatigue-testing 
units and many special devices de- 
signed by the Cornell staff for unusual! 
testing problems. 


Carbon Content Determination 


A new device, utilizing the elemen- 
tary chemical fact that carbon and 
oxygen have a strong natural affinity 
for each other, is now being used at 


Research News 


U.S. Steel’s Research Center in Monroe- 
ville, Pa., to measure within 5/10,000 
of a per cent the carbon content of low- 
carbon steels, 

The apparatus was designed and 
developed by research 
U. S. Steel in answer to the growing 


personnel of 


need for closer control of carbon in 
steels where this element is a decisive 
factor in quality and performance 

The new equipment is used only in 
the analysis of steels where accuracy 
greater than that provided by standard 
equipment is required, usually in the 
The de 


vice consists principally of a force 


range below 0.03°%, carbon 


pump together with a mercury diffusion 
pump to create a vacuum in the system 
an oxygen purifier, a combustion cham 
ber, freezing chambers and a measuring 
system. 

Absolutely pure oxygen is essentia! 
to accurate analysis. The gas is cleaned 
in a system consisting of two liquid- 
nitrogen traps, separated by a catalyst 
of asbestos on which palladium chloride 
has been dissolved and then baked 
Oxygen from a tank is admitted into 


the catalyst chamber which is heated 
to about 400° C. Here, any hydro 
carbons contained in the oxygen are 
converted to carbon dioxide and water 

The oxygen is recirculated about 
three times by the liquid 
nitrogen traps from one side of the 


moving 


(Continued on page 297 -s 
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SOME DYNAMIC MECHANICAL PROPERTIES OF 
HEAT-TREATED LOW-ALLOY WELD DEPOSITS 


Results of investigation indicate that nickel-molybdenum-vanadium 
(AWS F£10015-16) deposits are of good quality, have excellent ductility 


and show exceptional endurance limits under cycles of reversed stress 


BY E. H. FRANKS AND W.H. WOODING 
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Table |—I\mpact Properties of Various Nickel-Molybdenum-Vanadium Steel Weld 


Deposits As-Welded and Stress-Relieved 


ELECTRODE LOT 
DESIGNATION (:)| 4 8 


CHEMICAL COMPOSITION 2) 


CARBON 0.06 0.05 0.07 0.04 0.06 
MANGANESE 0.78 0.55 0.74 0.48 0.80 
SILICON 0.3! 0.50 0.34 0.12 0.40 
NICKEL 1.68 1.70 1.67 1.44 1.58 
CHROMIUM 0.05 0.14 0.05 0.05 0.07 
VANADIUM 0.08 0.12 0.09 0.08 0.14 
MOLYBDENUM 0.79 0.64 0.46 0.46 0.27 


IMPACT PROPERTIES -FT. LOS. AT O° F (3) 


26 30 34 286 26 
AS 30 34 40 32 38 


WELDED 30 34 32 32 32 
32 34 42 34 


AVER 33 33 


23 24 
STRESS 24 
RELIEVED 26 
(4) 5 24 
AVER. 7 12 2! 25 


NOTES (1) ALL ELECTRODES 3/16° DIAMETER DEPOSITED AT 21-25 

ARC VOLTS, 225 AMPERES OCRP 

(2) OBTAINED FROM UNDILUTED WELD PADS. 

(3) CHARPY KEYHOLE SPECIMENS OBTAINED FROM CIRCULAR 
RESTRAINED GROOVE (NAVY PATCH 4-1/2" DIA.) WELO. 
PREHEAT ANO INTERPASS TEMP 100°F. MAX. 

(4) STRESS RELIEF TREATMENT - HEATED AT (00°F, MAX. PER HOUR 
TO 50°F, HELO FOR 2 HOURS AND FURNACE COOLED AT 
(00°F MAX. PER HOUR TO BELOW S00*F. 


Table 2-——-Chemical Composition and Mechanical Properties of Weld Metal 


E-10015 (Ni-Mo-V) Electrode (1) 

WATER(5) 

Mn if | Ni CONTENT | 
MIN o75 - 005 140 - 

max! 010 | 1.10 10.030] 0040) 060 | 1.80 | 015 | 020/035 | 0.40 


ELECTRODE *G*| 0.06 | 0.73 |0.009|0028| 0.37 | 1 76 on |o35| 
POUNDS Pe _ SQUARE INCH AREA 
97,000 if 106, 000 6 

“IMPACT PROPERTIES FT. LOS AT O°F. (8) 
UNRESTRAINED (7) | RESTRAINED 

STRESS RELIEVED (9) 20, 20,26, AVE 28 | 30, 32, 30,28, AVE 30 


AS WELDED 


WOTES- (1) ALL ELECTRODES 5716" OLA OEPOSITED AT ARC VOLTS, 225 OCRP 

(2) OBTAINED FROM UNOKUTEO WELD 

(3) TOTAL WATER CONTENT aT 2400°F 

(4) ALL METAL TENSILE (0.505") PROPERTIES O8TAINED FROM UNRESTRAINED 
ASSEMOLY PREHEAT ANO INTERPASS TEMPERATURE 

STRESS TREATMENT. HEATED AT (00°F max PER HOUR TO F 
HELO FOR 2 HOURS AND FURNACE COOLED AT 100°F MAK PER HOUR 
TO 

(6) CHARPY KEYHOLE SPECIMENS 

(7) OBTAINED FROM UNFESTRANED TENSE ASSEMBLY 
PRENEAT AND INTERPASS TEMPERATURE 

(8) OBTAINED FROM CIRCULAR GROOVE (WAVY PATCH 4-1/2" WELO 
PREMEAT INTERPASS TEMPERATURE (00°F 
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weld pad sample is presented in Table 2 
The tensile properties determined using 
0.505-in. diam all-weld-metal tension 
specimens in the as-welded condition 
are likewise presented in Table 2. Also 
included in this table are the results of 
impact tests of samples taken from a 
circular restrained groove (Navy Patch 
weld assembly which had been given a 
thermal! stress-relief treatment prior to 
sectioning. For additional! information 
unrestrained impact test results also 
were obtained using specimens taken 
from the above tensile test weld assem- 
blies and are included in this table. It 
is to be pointed out that these impact 
test results were obtained using Charpy 
keyhole-type specimens. 


Dynamic Mechanical Properties 

In view of the satisfactory reaction to 
thermal stress-relief treatment a study 
was made of the impact and fatigue 
characteristics of AWS E.10015 (Ni-Mo- 
V) welds after various post-therma! 
treatments, Weldments were prepared 
using nickel-chromium-molybdenum 
steel plate. Upon completion of weld- 
ing, various assemblies were subjected 
to a full-anneal treatment, a temper- 
anneal treatment (stress relief) and a 
liquid-quench and temper treatment 
After heat treatment, the assemblies 
were sectioned and subjected to several! 
tests. In addition, similar assemblies 
also were prepared and subjected to test 
without the benefit of any post-therma! 
treatment. Four identical assemblies 
were prepared, one for each condition 
Each assembly consisted of a single-vee 
butt weld deposited in nickel-chromium- 
molybdenum steel plate 12 x 12 x | in. 
of the following composition: C 0.17% 
Mn 0.27%, P 0.008%, 8S 0.039%, Si 
0.17%, Ni 2.338%, Cr 1.003% and Mo 
0.19%. All welding was performed 
using * 
preheat and interpass temperature 
Upon completion of weld, the backing 
strap and the reinforcement were re- 
moved from each assembly prior to 
X-ray examination and heat treatment 
One assembly was stress relieved by 
heating to 1150° F, holding at tempera- 
ture for 2 hr and furnace cooling to be- 
low 500° F. A second assembly was 
annealed by holding | hr at 1650° | 
followed by furnace cooling. The third 
assembly was heated to 1650° F, held 
for | hr at temperature, quenched in 
water to room temperature and immedi- 
ately tempered for 1 hr at 1050° F fol- 
lowed by air cooling to room tempera 
ture. The fourth assembly remained 
in the as-welded condition. All assem 


win. diam electrodes at 100° F 


blies were heat treated intact in order to 
obtain a uniform mass effect. 

Upon completion of heat treatment, 
approximately 16 Charpy V notch im- 
pact specimens were machined from 
each assembly. The impact specimens 
were oriented with the notch normal to 


WELDING RESEARCH SUPPLEMENT 


0.05 
0.80 
0.37 
1.52 
0.05 
0.13 
| 0.30 
| 
RANGE 
| 


the plate surface at the centerline of 


the weld deposit. Triplic ate specimens 
were tested at the several temperatures 
and average values were used to con 
struct the curves presented in Fig. |! 
The all-weld-metal fatigue properties 


of the AWS E1O015 (Ni-Mo-\ 


were obtained from two cladded single 


deposits 


vee butt weld assemblies using 12 - x 24-x 
l-in. medium-carbon steel base materia! 
The weld-groove scarfs were clad with 
alaver of weld metal and the butt welds 
were deposited using in. diam elec 
trode at 100° F preheat and interpass 
temperature. Upon completion, — the 
hacking strap and the reinforcement 
were removed from each assembly prior 
to X-ray examination and heat treat 
ment. One assembly was stress re 
lieved using the same procedure as de 
scribed for the impact assemblies, while 
the second assembly remained in the 
as-welded condition. After heat treat 
ment five R.R. Moore-ty pe rotating 
beam fatigue test specimens were ob 
tained from each assembly as shown in 
Fig. 2. The test section of each speci 
men was hand finished in a lathe with 
1)-grit abrasive paper. Testing wa 
conducted in an R.R. Moore rotating 
beam fatigue machine at speeds of 1750 
and 3560 rpm. The data obtained are 
presented in Table 3 and illustrated in 
the S-N diagram, Fig. 3 


The transverse fatigue properties were 
obtained from four single-vee butt weld 
similar to those described 
These butt 


were deposited and heat 


assemblies 
above for the impact tests 
welds also 
treated in the same manner as the im 
pact assemblies. Upon completion of 
heat treatment 
machined into ten 


each assembly W fis 
transverse R.R 
\Moore-type rotating beam specimens 
with the center of the 


low ited nt the centerline of the weld 


reduced section 


deposit as shown in Fig. 2 Machining 
finishing and testing of the specimens 
followed the procedure described above 
for all-weld-metal 
The data obtained are presented in 
Table 3 and illustrated in the S-—A 


diagram, Fig. 4. 


pecimens 


To pro. ide supplemental test data 


the all-weld-metal tensile properties 
were determined for the various condi 
tions of heat treatment As 


approximately 12 x 10 x l-in. were pre 


emblie 


pared using medium-carbon steel bas« 
material, The weld groove scarfs were 
clad with a layer of weld metal and then 
assembled to pro\ ide a single-vee groove 
having a root opening of in, and an in 


ingle of 5 The 


were welded and heat treated in the same 


cluded assemblies 


manner as those prepared for the al 


weld-metal fatigue test 
After heat 
0.505-in 
obtained from the center of the deposits 
and sul jer tec] to test In addition, one 
transverse 0.505-in. diam 


SPeciinens 
treatment, all-weld-metal 


diam tension pecimens were 


tensile Sper 
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Fig. 2 Rotating beam fatigue test specimen 


men was machined from each welded 


mpact assem) The physical prop 
erties obtained for the all-weld-meta! 
0.505-in. diam tensile 
ven in Table 

The results of the various tests have 


obser i 


ind transverse 


specimen ire 


been summarized and those 
tions considered pertinent to this inves 


tigation are presented in Table 5 


Discussion 
The Charpy \ 


presented in Fig. | are 


notch impact result 
somewhat di 

eouraging in that at 0° } the as-welded 
Franti 


ooding Lou We lds 


tid 
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and stress-relieved values are lower than 
the Chas kevhole resulte presented 

1 Table 2 The data would indicate 
that in the tre relieved condition 
the temperature of transition from 


onditions the re i 


ot ts mper iture 


Fig. 1, add 
temperature 


te how 


ti 


ttle failure is above 0° 
hould be noted that, for 
velded and streas-relieved 
but a gradual! reduc- 
ibeorbed with lowering 

Though not shown in 
mal teste conducted at 
above F 


gradual rise in 


continued 
energy 
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However, it 
both the 
ti 
| 


absorbed. In addition, it was 

VATIGUS PROPERTES that at the lowest test temperature 
TYPE E~- 10015 (Ni- Mo both conditions, the broken impact 
ALL WELO METAL specimens showed partially ductile fra: 
O aS WELDED tures with a small amount of deforma 
RELIEVED tion. In no instance did the crystalline 
area on the surfaces of fracture exceed 
HOY. Of particular interest is the 
spread of impact values between the 
several thermal treatments for any one 
test temperature at or above 0° | 
The high values obtained for specimens 
in the fully annealed condition might 
indicate that when fully relaxed, the 
weld metal will absorb considerall 
energy in the presence of notches down 
to quite low temperatures. In the 
quenched and tempered condition 
the weld metal closely approaches but 


is still somewhat superior to that of the 
as-welded material insofar as energ) 
CYCLES TO FAILURE absorbed is concerned. 
Fatigue properties of type E-10015 (Ni-Mo-V) all-weld-metal deposit As shown in the summary presented 
in Table 5, the temperatures at which 
failure occurred under 15 ft-lb impact 
vary from +40° F for the stress-re 
lieved material to below —SO° F for the 


annealed material. This would indi 
cate that the notch sensitivity of the 


FATIGUE PROPERTIES 
weld metal is greatly influenced by 


TRANSVERSE WELD SPECIWENS 
NICKEL “CHROMIUM MOLYBOENUM WELOMENT | thermal treatments and that after stress 
Tre 100 | W 
10018 (Mi-Mo-v) ELECTRODES relieving at 1150° F, the notch sensi 
WEAT TREATED 
@ waren)» tivity is greatly increased. However: 


O ote 


@ [1 it is believed that it is not uncommon to 


observe similar degradation in notch 
sensitivity of some wrought low-alloy 
steels when subjected to a stress-reliey 
ing treatment at 1150° FP)! 
The all-weld-metal fatigue properties 
illustrated in Fig. 3 indicate that the 
material in either the as-welded o1 
stress-relieved condition has good resist- 
ance to failure when subjected to cycles 
of alternating stress. It is unfortunate 
that so few specimens were available to 
determine the slopes of the curves 
However, fromthe information available 
it is interesting to note the higher 
fatigue strength of the stress-relieved 
material when compared with the as 
» . welded material. Also, that the slope 
of the fatigue curve for the stress 
Fig. 4 Fatigue properties of transverse weld specimens; nickel-chromium-molyb- relieved material is less than that for the 
denum weldment; type E-10015 (Ni-Mo-V) electrodes; heat treated as-welded material. The endurance 


Fig. 5 Gear blanks fabricated with — Fig. 6 Large dipper stick assembly with butt welded cover plate 
E-10015 (Ni-Mo-V) electrodes 
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limits for the undiluted word a ing fabrication hint ompared with the as-welded 


weld metal } elded and stress is ticular interest 
relieve onditions approximates 62,000 ose pron f the fatigue ew fe hye lurance lumits determined 
and 7 
The fatigue data for the transver weld specimens to that of the as-welded —_ presented Also included 


O00 nes spectively ind tempered tran rs fron CSU tests are 
| | 


weld specim presented y ransvers eld specimens } hie ivance limit-tensile 


madiente enduran | eng everal conditions 
the i naterial omew hat ny \ cl 
rie of licated, the longitudinal 


cul ne as-weide ransver cul for ess-relieved material nditions are 0.585 
the as-welde tively In addition 

ed t he change in slope i the anneale l-metal ratios for the 
ver endurance limit reflect the conditio thers considerable eonditior wy from to 


of residual stre oped tran nm the gue li ind endu ndurance  limit-tensile 


Table 3—Fatigue Properties Type E-10015 Weld Deposits and Nickel-Chromium Molybdenum Weldments 


[ CALCULATED | ALL WELD METAL TRANSVERSE weco (1) 
MAX FIBER AS stress. | AS ] STRESS (3) | QUENCHED 
STRESS WELDED =| _— WELDED recieveol2) | | @ Tempereo (4) 
PS) CYCLES TO FAILURE 
90000 ] 26,000 222800 3600 
85,000 30500 112500 
80000 165,200 120300 | $38,700 75600 
77,000 | | 6485200 
76000 1.130300 
75000 154,000 | 17,796400 186700 
74000 | 2428500 
72200 20507500 (5) 
70000 14502400 (5) 302000 7,926,400 564500 
66200 | | 29,754300 
65000 2,085200 | ip26s00 
64000 2,090,100 
63000 1208600 
62900 | 14g62p00 (5) (802600 
61,000 (5) 
60000  (5)| 17319000 25233500 
59000 | 6294400 
58000 15,235,300 | 
55000 1600500 
53000 238400 
50000 974600 
49200 1,105,800 | 
48000 17,297,700 (5)| 
| | 14986100 (5)| 


| 


45,000 
NOTES TRANSVERSE WELO SPECIMENS OBTAINED FROM NICKEL - CHROMIUM- MOLYBDENUM WELOMENT 
(2) HEATED AT 100°F MAX PER HOUR TO 1I5SO°F HELO 2 HOURS AND FURNACE COOLED AT (00°F MAX PER HOUR 
(3) HEATED TO 1650°F HELO ONE HOUR AND FURNACE COOLED 
(4) HEATED TO 1650°F HELO ONE HOUR, QUENCHED IN WATER TO ROOM TEMPERATURE 
TEMPERED ONE HOUR AT 1050°F FOLLOWED BY AIR COOLING TO ROOM TEMPERATURE 


(5) SPECIMEN DIO NOT FAIL TEST TERMINATED 


TYPE TEX REDUCTION 
SPECIMEN NEAT TREATMENT ~ BOUNDS | _| AREA % | OF FRACTURE | 


ALL WELD META| STRESS RELIEVED") 20 57 
ALL WELD METAL ANNEALED (2) $7,000 35 73 oo 
ALL WELD METAL |QUENCHED @ Tempereo'> 77,000 69 = 
TRANSVERSE AS WELOED 77,000 6 BASE METAL 
TRANSVERSE stress revieveo'” 74,000 \7 62 BASE METAL 
TRANS VERSE anweaceo '*? $0,000 26 6! BASE METAL 


TRANSVERSE | QUENCHED 91,800 || WELD ETAL 


NOTES HEATED AT 100°F MAX. PER HOUR TO HELD 2 HOURS AND FURNACE COOLED AT 100°F MAK 
PER HOUR TO BELOW SOO*°F 
(2) HEATED TO I6650°F HELD ONE HOUR AND FURNACE COOLED 
(3) HEATED TO 1650°F HELD ONE HOUR QUENCHED IN WATER TO ROOM TEMPERATURE, 
TEMPERED FOR ONE HOUR AT |060°F FOLLOWED BY AIR COOLING TO ROOM TEMPERATURE 


led 
Table 4—Tensile Properties of Type E-10015 Weld Deposits and Nickel-Chromium-Molybdenum Weldments : 
| 


Table 5—Summary of Impact, Fatigue and Tensile Results 
TEMP OF FRACTURE | ENDURANCE LIMIT | TENSILE STRENGTH 
AT 15 FT-LBS | POUNDS PER POUNDS PER 
iMPACT | SQUARE INCH SQUARE INCH 


106, 000 


TYPE 
SPECIMEN 


HEAT 
TREATMENT 


WELD METAL 


TRANSVERSE 94,000 


WELD METAL 000 
STRESS 
TRANSVERSE 96,000 


RELIEVED (1) 


| ALL WELO METAL 


ANNEALED 


TRANSVERSE 48,000 


WELO METAL 90,000 


QUENCHED & 

TRANSVERSE 105,000 0 
TEMPERED 
| | 678(4) 
MAK, PER HOUR TO I/50°F HELO 2 HOURS AND FURNACE COOLED AT 00°F. MAx. PER HOUR 
(2) HEATED TO 1650°F. HELO ONE HOUR AND FURNACE COOLED 
(3) HEATED TO 1650°F HELO ONE HOUR QUENCHED IN WATER TO ROOM TEMPERATURE 

TEMPERED ONE HOUR AT 1050°F FOLLOWED BY AIR COOLING TO ROOM TEMPERATURE 


(4) RATIO CALCULATED USING TRANSVERSE WELO ENDURANCE LIMIT AND ALL WELD METAL TENSILE STRENGTH 


NOTES HEATED AT 00°F 


strength ratios are considered 
tionally high when compared with the 
endurance ratio of O40 generally 
accepted for good quality cast-ferrous 


metals 


excep- 


They likewise approximate the 
endurance ratios determined by Dolan 
and Yen? for wrought SAK 3140 and 
2440 which ranged 
0.56 to O61 

Of particular interest is the endurance 
lumit determined for the streas-relieved 
weldment. This limit was indicated to 
be 66,000 psi with an endurance ratio 
of 0.687. The results indicate that this 
thermal treatment had no adverse 
effect on the fatigue properties of the 
weldment. This 
agreement with investigations reported 
by R. D. Chapman and W. Jominy® 
and by T. J. Dolan and C. 8. Yen.? 
Both investigations indicate that tem- 


steels from 


observation is in 


per brittleness has no adverse effect on 
the endurance limits of steel 

However, in the presence of sharp 
notches it might be expected that the 
limit of a 
(as determined by 


affected. 


notch-sensitive 
impact tests) 


Accord. 


endurance 
steel 
would be adversely 


Fig. 7 Joint design for welding nickel-molybdenum steel 


forging billet 
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ing to Dolan and Yen*® a functional 
relationship does not exist between the 
concepts of notch sensitivity in a fa- 
tigue test and the notch sensitivity evi- 
denced in a Charpy impact test. Chap- 
man and Jominy® state that in engineer- 
ing applications where a temper-embrit- 
tled used, they 
endurance limit of the 

unaffected, even at temperatures below 
the transition temperature. In view of 
the work of these investigators, it was 
not considered necessary to extend this 


steel is believe the 


part will be 


study to inelude the endurance limit of 


notched particularly after 


having been subjected to thermal stress- 


specimens, 


relief treatments which would 
increased notch 
Charpy impact test. 

In general, the response of the AWS 
10015 (Ni-Mo-V) 
treatment is considered 
However, due to low 
(0.06% avg), liquid-quenching 
ments will not develop high hardness 
in the deposit. Therefore, the 
deposit should be used in the as-welded 


cause 
sensitivity in the 


deposit to heat 
satisfactory. 
carbon content 


treat- 
weld 


or stress-relieved condition unless such 
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other thermal treatments do not develo) 
strength levels in the metal in 
excess of that expected for the weld 
after such treatment. 


base 


metal 


Applications 

Several manufacturers have used the 
AWS E10015 (Ni-Mo-V) electrode to 
good advantage in the fabrication of 
machinery parts, particularly in applica- 
tions that require subsequent thermal 
treatment. One application in current 
production is the fabrication of gear 
blanks as shown in Fig. 5. Highly 
stressed gears having dished webs are 
fabricated with SAE 8630H rim stock 
mild-steel web material and forged 
SAE 1035 hub material. The fillet welds» 
used to join rim stock to web and wel» 
to hub were deposited AWS 
E10015 (Ni-Mo-V) (sears 
were thermally treated by water quench 
ing from 1600° F followed by temper 
ing at 1050° F. 

Another application employs AWS 
E10015 (Ni-Mo-V) electrodes to butt 
weld a 1'/,y-in. thick cover plate on a 
large dipper stick Figure 


with 
electrodes. 


assembly 


Fig. 8 Completed weld in nickel-molybdenum steel forging 
billet 
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| 
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follow ing chemical 


composition ( 
0.31, Mn 0.66% Ni 3.000; 


and Mo 0.3.3° The billet Wis 


mounted in a lathe and a cireumferen 
tial groove, the details of which are 
shown in Fig. 7, was cut at mid-length 
ram marks were placed 90 


reumferences at distances 3 and 1S-in 


apart on 


eithe side of the weld centerline to 


Fig. 9 Guided bend and tensile re- 
moved from nickel-molybdenum forg- 
ing billet 


facilitate w irpage measurements The 


welding was performed with the billet 
mounted in the lathe so that by rotation 
the weld metal would be deposited in 
the downhand position, | sing a quad 


rant tec hnique the weld was deposited 


with */;.- and in. diam electrodes at 
a preheat of 200° F and a controlled 
interpass temperature ranging from 150 
to 250 | Upon 
weld, measurements indicated maximum 


ompletion of the 


warpage did not exceed O0O.004-in ind 
this was lo d at the tail stock end of 
the billet | removed from the weld 
centerline 
After the 
billet was stre releved at [150° F for 
6 hr, it wa ctioned to provide one 


flat trans isile 


entire welded section of 


pecimen of 
in. gag one transverse 0.505-in 


diam ten | men, one transverse 


Fig. 10 Macrograph of section re- 
moved from weld in nickel-molybdenum 
forging billet. 


side-bend specimen, and one transverse 


macrospecimen The following result 
were obtained from the transverse 
tensile specimet 


6 shows the completed 


which a butt weld was 
center section of the built up longi O.909 in 


tudinal members. The weld was ype of Specimen Flat Diam 
ground flush to proy ide a smooth slid Yield strength perl 06, 200 107 
Tensile strength 

psi 114,000 113,500 


clongation, ‘ 11.2 iv 0 


ing surface. The entire weldment was 
normalized at 1600° F upon completion 
To further demonstrate the ud upt Reduct 
ability of the AWS (Ni-Mo-\ 29 0) 


electrodes for machinery 


ipplications 
Elongation in 8-in. gage length 


an alloy-steel forging 
Elongation in 2-in. gage length 


approxi 
mately 11 in. in diameter by 36 in. long 
was welded in a manner simulating a 
shafting 

nickel-molybdenum alloy steel of the 


repair. This billet was a The guided-side-bend specimen satis 


factorily bent around a 2T radius to 


depo its 


iny indication of flaws 

the guided-bend speci- 

tured flat tensile speci- 

Figure 
photomacrograph of a 

tion of the weld, 

ded that the AWS 10015- 


ectrodes described 


mpletion of test, 


onsiderable promise for use 

in machinery applications. The weld 
of good quality, have excel- 
ind show exceptional 
limits under eycles of re- 
in both the as-welded and 
mditions, Under eondi 

of alternating loads, the perform- 
of such weldments should be com- 
iat of wrought-alloy steel 
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At hamber mples are drawn into the 


by 


catalyst to the other 


the li juid nitrogen freezes the oxvgen magnet 


combustior 


This creates a vacuum in front of the ipp id by | perator to the outside 


remaining gaseous oxygen and thus of the glas 


acts as a pump The combustion chamber is a plat 


The steel samples to be analyzed mum erucib lined with 


p ind sha x ix duction heated to about 


consist 
These are carefully weighed and then tl temperature the 


placed in a glass rack containing a teel sample irned in the presence of 


por kets to hold Severs 
samples. The rach The gas ( generated along with 


number of i controller mount of puriied oxygen 


different types of 
other gas 


These Mi 


is sealed mto the wuum svetem and 


mounted directly over the combustion then piLSs throug! 
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At this temperature 

through as a gas, the 

remain frozen in the 
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Since the carbon diox 
lepends entirely on the 

irbon in the steel sample 
reseure can then be translated 
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FATIGUE STRENGTH OF WELDS 
IN LOW- ALLOY STRUCTURAL STEELS 


Ierperimental program shows that, for all types 


of specimens lestled, there is liltle difference in the 


fatigue strengths of the several low-alloy steels 


BY J. E. STALLMEYER, G. E. NORDMARK, W. H. MUNSE ANDN. M. NEWMARK 


SUMMARY Fatigue teste have heen 
conducted on fulleeeale butt welds and 
fillet welds in low-alloy steel plates with 
the stress applied cither parallel to or per 
pendicular to the direction of welding 
Several different steele meeting the ASTM 
designation A-242 were used in this in 
vestigation to etudy the untlormity of re 
sults of different steels meeting this speci 
fieation 

The fatigue strengths of steels meeting 
the requirements of ASTM designation A 
242 do not differ appreciably in spite of 
the comparatively wide variations in their 
chemical compositions. Further, the pres 
ence of the weld in the steel reduced the 
magnitude of the variations between the 
average fatigue strengths of the different 
alloy ateels 

A comparison of the fatigue strengthe of 
joints in the low-alloy steels with the 
fatigue strengths of similar joints prepared 
from A-7 steel with E7016 electrodes is 
also included in the paper 


Introduction 

Object and Scope of Investigation 

Since the low-alloy 
steels for structural purposes, the ques- 
tion has often been asked—on what 


introduction — of 


physical property or properties should 
the design stress for these steels be 
based? ‘The answer depends, of course, 
on the type of loading applied to the 
material when it is assembled into 
members and structures and also the 
factor of safety desired against the pos- 
sible modes of failure. Originally there 
was some contention that all design 
stresses should be based on the yield 
point of the material; however, inves- 
tigations have proved that under some 
conditions, such designs might have an 
extremely low factor of safety against 
failure Such may be the case when 
members are 


loads for it has been shown that the 


subjected to repeated 
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Professor of Civil Engineoring and Research Pro 
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endurance limit of a steel member is 
not necessarily related directly to the 
yield point of that steel. Further, 
Professor W. M. Wilson '~* found that 
the presence of a welded or riveted 
joint in a steel having a high yield point 
might reduce the fatigue strength of the 
joint so that it is little, if any 
than that of ordinary A-7 steel. The 
low-alloy steel to 


greater 


susceptibility of 
fatigue failures has, in many instances, 
precluded the use of this material for 
structures which are subjected to 
repeated loadings. 

Relatively few 
been conducted on welded joints in 
steels other than those meeting ASTM 
Specification A-7, The results of the 
Wilson indicated that butt- 


welded joints in one low-alloy steel had 


fatigue tests have 


tests by 
a fatigue strength about 20°) higher 
than similar joints in A-7 steel whereas 
the difference in yield points was about 
WW. With advances in welding tech- 


niques and materials, such as the 
development of the low-hydrogen elec- 
trode, and also improvements in the 
properties of the low-alloy steels, it is 
desirable to determine if the fatigue 
strength of welded joints in low-alloy 
steel might have been improved enough 
to make the use of such 
economical in structures subjected to 


materials 


repeated loadings. 


Description of Steels 

The steel plates used in this investi- 
gation were ordered to comply with the 
ASTM Specification for A-242 steel 
The chemical analyses and physical 
properties of the different steels are 
given in Tables | and 2. According to 
the mill tests, steel P and steel T also 
meet the military specification for Mil 
(8) 12505, Grade 1 and steel Q meets 
the military specification for Mil (5) 
12505, Grade 5. 


The tensile coupons from steel T 


Table 1—Chemical Composition of Steel Plate 


(hemical content, %* 


Vn S 
017 0) 6S O16 
012 106 
0 20 1 OS 0 O10 
O.19 110 © 022 


0 039 
0 045 
0 025 
0 028 


Si Cu Vi 
0.08 
032 045 
0 10 0 3S 0 60 
0 25 045 


* Check analysis 


Table 2—Physical Properties of Steel Plate, Standard 8-In. Gage Length Tensile 
Coupon 


Yield 
strength, 

Steel pat 
33,300 
56,800 
57,600 
17,800 
51,300 
53,100 
55,300 


\-7 (Average) 
(Average) 
(Mill report) 
T (Average) 
( Mill report) 
(Average) 
(Mill report) 


Tensile 
strength, Elongation 
pst in 8 
57, 400 33 
76,700 25 
81,700 24 
3, 600 27 
76, 900 26.5 
600 26 
2,000 24.5 


Re duction 


% of area, 
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Steel 
Vq 

Q 0 04 

62 

53 

58 


= 
7 
| 
PLAIN PLATE 
LONGITUDINAL FILLE WELDE JOINT 
B j 
4 
| 
b LONGITUDINAL BUTT WELD 


b TEE FLLET-WELDED JOINT 
Fig. 2. Details of fillet-welded joints 
c TRANSVERSE BUTT WELD 


Fig. | Details of butt-welded joints 


cid not meet the minimum re julrements The plate for the transverse butt \Lil ISO electrode vere used for the T 
for yield point, 50,000 psi, although the welds were flame cut from the parent ind Q steels whereas 7016 electrodes 
mill tests indicated an acceptable plate with an increased width at the vere used for the P steel In previous 
strength. Steels P and Q met both the joint to enable the start and the end of tests it had been found that the slag 
physical and chemical requirements the weld to be removed from the sper vas much easier to remove from welds 
men later by machining In prepara produced with the Mil 180 electrode 


Preparation of Butt-Welded Joints and 


Plain Plate Specimens tion for welding, the plate wis iW 


After deposition of the first pass, the 
cut at the jo nt and the joint machined 


ld was back chipped to expose sound 


Typical dimensions of the plain plate 
specimens and the butt-welded joints in a shaper to provide rea a double-\ base metal Pen minutes of air cooling 
are shown in Fic. 1 tien butt weld having an included angle of owed the 
specimens the test section was 4 in w econd passes for the transverse butt 
wide but the test section vaned u In order that each of the six weld velds and 15 min for the longitudinal 
length for the different materials. This passes could be deposited in the flat butt weld Cooling periods of 5 min 
variation in length of the straight se« position, the two plates were securel vere used between succeeding passes 
tion was necessary because of the clamped to a welding jig, as shown in The specimens were air cooled after 
limited amount of material available Fig. 3, which could be rotated about a leposition of the last pass. The weld 
and the resulting necessity of welding horizontal ax Before the clamp Ing sequence is such that a change of 
heads of other steel to the test section of the jig vere tightened the root electrode oO irred in the test seetion 
of the low-alloy steel The weld join opening wa et at , in The first n each pass of the weld adjacent Disses 
ing the test section to the heads had to two passes were deposited with » vere welded in opposite directions, and 
be large enough to prevent failure in diam = eéleetroce ind all remaimuing I yes of electrode in adjacent passes 
this weld pase vitl n. diam eleetrode did not occur one over the other The 


(a) Jig in position for second pass, longitudinal fillet weld {b) Jig in position for second ps, longitudinal butt weld 


Fig. 3 Welding jigs for welded joints 
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Vasa Steel Electrode 
All E7016 
All 
24 
| T,Q Mil 180 
2 T, Q Mil 180 
4,4 T,Q Mil 180 
1,6 Mil 180 
26 
i T,Q Mil 180 
2 7,@ Mil 180 
4 T,Q Mil 180 
5, 6 T,Q Mil 180 


Table 3—Welding Procedures 


Open 
Diam., circuu Current, 
im. vollage, V amp 


Longitudinal fillet welds 
73 100 


Tee fillet welds 


73 
Longitudinal butt welds 
73 170 
73 
72 135 
72 
*/ 16 72 210 
72 200 
Transverse butt welds 
7 
72 Iso) 
73 140 
73 
734 210 
*/\6 73 200 


Voltage, Burn off Rate of 


rate, travel, ipm 
2! 8.4 6.1 
20 91 
20 7.9 16 
20 8 5.7 
20 9.0 
2! 9.7 15 
22 0.8 6.6 
22 9 6 61 
20 7.7 4.2 
20 4.0 
20 9.3 3.0 
2! 95 4.2 
22 10.0 
22 9.2 5.0 


welding power was supplied by a 200- 
amp d-e rectifier-type welder, The 
electrodes were operated at the current 
and voltage levels, given in Table 3, 
whieh were portable 
meters connected as close to the are 
After completion of the 
welding, the specimens were machined 
to the dimensions shown in Fig. 1 and 
the edges were draw filed. 

For those specimens tested with the 
reinforcement and mill 
grinder was 
employed to remove the reinforcement, 
mill seale, and surface defects. The 
grinding was started with a 36 grit 
wheel and finished with a 120 grit wheel 
in such a manner that the final scratches 
were parallel to the direction of loading 

The preparation of the longitudinal 
butt welds was in all respects similar 
to that used for the transverse weld 
specimens except that the test weld was 
prepared first for the longitudinal 
This test section was then 


measured on 


as possible 


weld scale 


removed, a portable 


specimen 
prepared to provide for a double-V butt 
weld which joined the test section to the 
pull heads. As a part of this process 
the start and the finish of the test weld 
was removed from the completed speci- 
men, This precaution was taken to 
reduce the possibility of failure in the 
transverse weld 
Preparation of Tee Fillet-Welded Joints 
The tee-fillet specimens were com- 
posed of two 7- x */¢ x 16-in. longi- 
tudinal plates which were welded to a 
2- x /e x 7-in. transverse tee plate. 
To prepare the longitudinal plates for 
welding, one end of each plate was 
machined perpendicular to the plane of 
the plate and the mill seale was ground 
off the areas of the plate where the 
weld was to be deposited. In order to 
remove the mill surface 
irregularities, each face of the tee plate 


scale and 


Stallmeyer, et al. 


was machined to a depth of 0.025 in. 
Uniform spacing between the longi- 
tudinal plates was maintained by the 
use of paper spacers consisting of eight 
thicknesses (0.027 in.) of No. 20 bond 
paper 

A 4-in, long, single pass, °/»-in. fillet 
weld was manually deposited in each 
intersection of the using the 
welding procedures given in Table 3. 
Kach weld was deposited with a single 
E7016 electrode and the direction of 
welding was alternated for succeeding 
A cooling period was allowed 


joint 


welds. 
between welds to secure an interpass 
temperature of less than 200° F 
Preparation of Longitudinal 
Fillet-Welded Joints 

As shown in Fig. 2, 
of this specimen consisted of a 12-in. 
x */ein. x 2-ft. 3-in. center plate joined 
by two 5-in. x */-in. x 2-ft. 7-in. outside 
plates with four 8 in. long, single pass, 


the test section 


| 


LEVER 


ie in. fillet welds. The design stresses 
were approximately equal for the weld 
and outside plates; a stress of 12,800 
psi in the outside plates corresponding 
to a stress of 13,600 psi on the throat of 
the weld. 


The 8 in. length of the single-pass 
fillet weld required a change of electrode 
which was made at the mid-point of the 
weld. The direction of the welds was 
different for the two welds on one face 
of the specimen. During the 45-sec 
interval between the deposition of each 
electrode on one face of the specimen, 
the end of the weld was cleaned. A 
15-min cooling period was used before 
welding was initiated on the second face 
in order that the temperature of the 
weldment would be 150° F or less. 
After completion of the welds, the speci- 
men was allowed to air cool for at 
least 10 min before being removed from 
the welding jig. 


—> UPPER PULL HEAD 
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VARIABLE ECCENTRIC 
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Fig. 4 Schematic diagram of Wilson fatigue testing machine 
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Test Procedures 


The fatigue tests were performed at 
room temperature in two 200,000-Ib 
capacity W M. Wilson  lever-type 
fatigue machines which operate at a 
speed of approximately 200 cpm 77 
cause one of the machines was not 
equipped to apply a compressive load 
it was necessary that a tension be 
applied to the specimen at all times to 
insure that the bearings would be prop 
erly seated throughout the tests 


Accordingly, the stress cycle employed 
in the present tests was one which varied 
from a low tension of about 6090 Ib to 
a maximum tension; however, tl 
loading will be referred to as a zero 
tension cycle 

The essential features of the machine 
shown in Fig. 4, are a variable throw 
eccentric which transmits force through 
a dynamometer (for determining the 
load on the specimen) to a lever which 
in turn transmits the load to the upper 
pull head at a multiplication ratio of 
approximately 15 to | The double 
throw eccentric is adjusted to give the 
desired range of load before the test 
is begun. The maximum load is set 
by means of an adjustable turnbuckle 
mounted between the eccentric and the 
dynamometer The stress is deter 
mined by a mechanical dial which indi 
cates the vertical deflection across the 
throat of the dynamometer to the 
nearest O.OOL in. 

After a specimen had been bolted in 
the fatigue machine, a stress equal to 
the maximum desired stress was first 
statically applied to the specimen 
Plastic straining occurred for those 
specimens to be tested above their 
vield points. For these specimens it 
was necessary to allow sufficient time 
for the specimens to strain under the 
maximum load before the load could be 
maintained under repeated loading 

The fatigue machines were run con 
tinuously \ microswitch stopped the 
machine when the maximum deforma 
tion of the specimen increased The 
load was checked frequently at the 
start of the test, but later only as often 


AS necessal to maintain the desired 
load. Failure defined as having 


oceurred when the fatigue crack wa 
large enough to actuate the micro 
ewitch and stop the machine Th 
was generally found to be a crack about 
1'/, in. long 

One specimen of each type was teste | 
statically in a 600,000-lb Riehle testing 
machine at a strain rate of 0.10 1pm for 
the plain plate and butt-weld speci 
mens and 0.05 ipm for the longitudin 
fillet-welded joint 


Evaluation of Fatigue Tests 


In order to numerically compare the 


results of fatigue tests of specimer 
tested at different stress levels, fatigue 


strengths corresponding to failure at 
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Table 4—Results of Fatigue Tests of Plain Plate Specimens 
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H7 
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Results of Fatigue Tests of Longitudina 
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Cyctea lo fatigue engih 
Sire failure y 
Specimen pa 10) j pai j 
\-7 Stee 
1508 0 15, 200 
Hag 0 3 000 
Hay 1078 3 4,100 
1627 2 200 
\ve 4,000 
Steel 
w 249 4 5.300 800 
Ave OOD 
Stee] 
1787 2 14, 400 
T3 50 m | OO” 
TS H06 0 200 100 
Avg 12,500 
‘> 
224 2 4,600 
()2 1s 4 6 4, 100 
0 17.000 i) 
Ave 5. 300 
Cycles to ratiqu 
Mires failure J 2,000 000, 
pest p pet 
Steel, bool 
151 7 100) 24,700 
BY 000 
04 200 25, 500 
123 0 1) 
Avg 7, 400 24,100 
\-7 Steel, 
7511 
147.5 1,700 
12.100) 
0 1223 7 
207 
Ave 11,700 
steel 
74 0 4.700 
Pia 4 768 0 
PIs 34 0 12.000 
Ave 17, 200 
Steel 
ri2 220) 2 Wi, 
ris 145 1 12,700 
‘ ris 216 000 
Ave >, 100 
> 
Steel 
(9 10 145.1 12, 700 
QUO 0) 12,000 
ee *k = 0.13 for A-7 MM; k = 0.18 for steel P, T,Q 
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CYCLES TO FALURE IN THOUSANDS 


Fig. 5 Results of fatigue tests of plain plate specimens tested with the mill scale on 


100.000 and 2.000.000 eycles have 
been computed from the formula’ f 
SON /njk 


at which the specimen failed after A 


where S is the test stress 


cycles, n is the number of cycles for 
which the fatigue strength, f, is desired 
and k is an experimental constant 
determined from the slope of the median 
plot on the S-N diagram. For those 
specimens having a fatigue life greater 
than 2,000,000 cycles, the value of S 
has been used as the fatigue strength at 
2 000, 000 evecles 

Generally, if the number of cycles to 
failure was less than 600,000, this data 
was used to compute the fatigue 
strength for failure at 100,000 cycles; if 
the value of N was greater than 300,000 
the fatigue strength was computed 
for failure at 2,000,000 eyecles. For 
specimens failing between 300,000 and 


600,000 cycles, both fatigue strengths 


were computed. 


Test Results 
Fatigue Tests of Plain Plate Specimens 
The fatigue strengths of the various 
alloy steels and of an A-7 steel when 
tested in plain plate specimens are pre- 
sented in Table 4 and Fig. 5. Typical 
failures of plain plate specimens are 
shown in Fig. 6. As would be expected 
from the tensile coupon yield strengths 
specimens T3 and T5 yielded when thei 
maximum loads were applied statically 
Although the coupon tests indicated 
a yield strength for the Q steel of more 
than 51,000 psi, specimen Q3 began 
vielding within the first 1000 cycles of 
loading. In addition, after 1,224,000 
eveles of loading at a stress of 45,000 
psi, specimen T2 began to yield 


Fig. 6 Typical failures of plain plate fatigue specimens 


$02-8 


Stallmeyer, et al. 


Structural Steel Welds 


The scatter of results of the Q steel 
was less than that of the T and P steel» 
and, although the scatter bands of all 
three steels overlap, the T specimens 
generally had the longer fatigue lives 

The average fatigue strengths of the 
T and Q specimens were about 9 and 
3% higher, 


obtained from steel P 


respectively, than that 
It appears that 
the low-alloy steels have average values 
Of fe,00.00 from 10 to 25% higher than 
the A-7 However, the yield 
strengths of the low-alloy steels were 
about 45 to 75% higher 
Fatigue Tests of Longitudinal Butt Welds 
The results of the fatigue tests of the 
longitudina! butt welds are presented 
in Table 5 and in Fig. 7. All of the 
specimens reported herein were tested 
in the as-welded condition. All of the 
failures initiated in a region where the 
electrode of a surface pass had been 
changed. Although 
variations in the metallurgical proper 
ties at a change of electrode as a result 
of a short period of air cooling and the 
subsequent are strike, it would appear 
that the cause of failure was primaril\ 


geometrical, because a notch-type dis 


steel, 


there are some 


continuity of some severity is formed 
perpendicular to the direction of the 
applied stress wherever a new electrode 
is started. Typical fractures of the 
longitudinal butt-welded specimens are 
shown in Fig. 8 

As may be seen in the S-N diagram 
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Fig. 7, the Q specimens exhibited ve 


little scatter but had the lowest fatigus 
lives of the three low-allov steels tested 
general! the latiwue lives 


specimens le between those of the Q) 
ind P specimens hese trend ure 
also apparent in the fatigue strengtl 
reported in Table 5 Using a Llue « 
0.18. the aver we trengths 
of the longitudinal butt welds of ste« 


P were 10 and 4% higher, respectivel 
th id T for on 


gue data obtained from the 1953 


in those ol steels \) il 


54 series of longitudinal butt-welded 
joints i \-7 steel are also plotted wit 
the results of the low-alloy steel te 
in Fig. 7. The seatter bands of the 
4-7 specimens overlap those of the Q 


and T specimens and 


t 
strength of the A-7 


average tatigue 

steel welded with the E7016 electrode 
is almost as high as that of the () ster 
According! the average fatimue 


strengths of the longitudinal butt we 


in low-alloy steel varv from 1 to }2° 
greater than those of the A-7 joints pre 
pared with £7016 electrodes and 13 t 
20% greater than those of the A-7 
joints prepared with electrode 


Thus the use of the E7016 electrodes for 
the joints of 4-7 ul 


low-al teel negligible 


| made the wn 


tage of the 


Fatigue Tests of Transverse Butt Welds 


Table 6—Results of Fatigue Tests of Transverse Butt-Welded Joints 
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m steel when the latte: 

‘ velded with E6010 


when elec 
the A-7 steel, the 


the A-242 joints was re 
This situation 
ed vhtly by the use 


| vould insure the 
es in the weld metal 


futicue 
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Table 6 presents the results of fatigue rio 1) OOO KIS 6 
tests on the transverse butt-welds rit 000 
These results are ahi Ave 
graphic il n lig In spite ol thy O 
changes in the welding procedure [use 
of electrodes meeting military sper pot 
fication Mil-f-986-A (Mil 180), small 700 5 Ww 
diameter electrodes for the root pit ‘ 
ind a larger root opening five ol . 
six transverse butt welds of ste 
failed internally from iw 
or other flaws in the weld meta! Hi 
ever, it was noted that fatwue cra extent so that there appears to be litth I i wh 
had also initiated at the edge of thy i an vivantage for al ne of the ‘ if ‘ 
weld of one of these specimens, Or tet The OnCTISION ip elect 
joint did fail at the edge of the w parent in the data included in Table 6 t ‘ ere u 
but after the specimen was puiled apart The ‘ oints had ol 
staticall i small fatigue crack w Whiel only 2°, huher thar ti 
also found in the weld metal those of the P joint t in 
For the () specimens a higher inte The low-a tee! fatigue te nigue 
pass temperature wa ed In spit strengths wil iveraged about 
of this fact and the more meticulou higher than tl e of the previous test i eve the 
spection ol pass lor lag, one of tl — 
() joimts failed from an internal defect | | 
Further when the pecimen wel STEEL @, 
“statically pulled apart it was found that on oTnen weve 
of the two () specimens failing at the ad 
defect ible in the fracture surfacs “ 
Typical Iracture surlaces of the tran se ; -+ +4 +44 + 
verse butt-welded joints are shown i a 
Fig. 10 
The S-N diagram, Fig. 9, shows that 
the results of the tests of () specimer to to 100 $00 
did not have nearly as much seatter 
those of the P and | Specinens How 
ever, the scatter bands of the three low Fig. 7 Results of fatigue tests of longitudinal butt-welded joints tested in the as- 
alloy steels overlap to a considerah! welded condition 
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Fig. 8 Typical fractures of longitudinal butt welds 


cracks at the edge of one of the welds 
that failed from an internal defect, plus 
the fact that the specimens which failed 
at the edge of the weld had fatigue 
strengths not more than 5% greater 
than the joints which failed internally, 
makes it appear that only a negligible 
increase in fatigue strength would ae- 
company the elimination of the internal 
failures unless such measures also im- 
proved the fatigue resistance at the edge 
of the weld 

It is apparent then that the A-7 
transverse butt welded joints prepared 
with E7016 electrodes are practically 
us good as the joints fabricated from 
A-242 steel. 


Fatigue Tests of Longitudinal Fillet-Welded 
Joints 


Five of the longitudinal fillet-welded 
specimens, subjected to repeated load- 
ing, failed in the outside plates at the 
end of the weld as indicated in Fig. 11 
The sixth specimen had a fatigue crack 
through the throat of one weld as well 
as a crack in the outsile plate at the 
end of the weld on the opposite face of 
the specimen. However, it 
that the initial failure 
Four of these failures initiated 
crater end of a 


appears 
occurred in the 
plate 
in the plate from the 
weld and two from the strike end. 

The S-N diagram, Fig. 12, shows that 


with the lower stress cycle show a con- 
siderable amount of seatter. The fa- 
tigue strengths for failure at 100,000 
cycles are given in Table 7 

It is difficult to make a direct com- 
parison between the present results and 
those obtained in previous tests since 
the specimens are of different geometry. 
The data presented in Table 8 indicate 
that there were two series of 
namely V and W, which gave extremely 
low values of fatigue strength. Study 
of the variables presented in this table 
reveals that these differ 
from the others in respects, 
The ratio of nominal stress in the weld 
to nominal stress in the plate is quite 
high. Also, the ratio of plate width to 
weld length is very high. Consequently 
any correlation of the fatigue strengths 
with nominal stresses is questionable. 


tests, 


specimens 
several 


It is likely that the geometry as well 
as the nominal stresses plays a very 
important role in joints of this type 
More tests than are reported here are re- 
quired to resolve fully 
However, 
data it appears that the average fatigue 
strength of the low-alloy specimens may 
be slightly higher than would have been 
obtained from similar specimens of A-7 
steel. 


Fatigue Tests of Tee Fillet-Welded Joints 


The fatigue cracks of the tee-fillet 
specimens occurred in the weld metal on 


this problem 
on the basis of the available 


a line approximately through, or slightly 
on the tee-plate side of, the throat of the 
weld. An examination of the fatigue 
cracks, after failure, and an examination 
of the fracture surfaces, after the speci- 
mens were pulled apart statically, indi- 


984-99 


ia 


STRESS IN KS) 


OF OTHER INCLUSION WELO AL 


@ STEEL 4-242 1994-55 @ a7, 955-94, 
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the specimens tested on the higher 
eyele, 0-20,000 psi, exhibited 
negligible scatter whereas those tested 
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Fig. 9 Results of fatigue tests of transverse butt-welded joints 
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cated that most of the fatigue failures . 
did not initiate at the ends of the weld Table 7—Results of Fatigue Tests of Longitudinal Fillet-Welded Joints 
It is difficult to determine the point of ( 


yeles la Fatigue strength* 
origin of the failure in a fillet weld as the Stress 


failure .000,000, 
fatigue failures generally spread along Specimen psi 10 ps pes 
the length of the weld with little indica- 


Steel P 
P26 20,000 175 6 
P27 14,500 3 


; P28 14,000 208 4 
fracture surface consisted of two dis- p20 20.000 162.8 


tion as to the sequence of failure 
Typical fatigue cracks and fracture sur- 
faces shown in Fig. 14 indicate that the 


tinct regions: a fairly smooth planar P30 14,000 225 6 
surface having an angle less than 45 P32 20,000 i859 
from the tee plate and a rough fibrous 
appearing surface having an angle 
greater than 45° from the tee plate 


In no case does the smooth portion 
the region of initial fatigue fracture 


extend to the surface of the weld. The 


rougher portion must, therefore, con Table 8—Average Results of Past and Present Fatigue Tests of Longitudinal 


tain the final stages of the fatigue failure Fillet-Welded Joints Tested on a Zero to Tension Stress Cycle and Failing in the 
as well as the static fracture From the Plates 


similarity of the static region with part 
of the fatigue region, it would seem 
that the rate of propagation of the fa 
tigue fracture increased when the plane 
of failure changed 

In the tests of A-7 steel, it was noted 
that many of the welds which failed in 


fatigue also separated slightly from the 


longitudinal! plate phenomenon 


was especially noticeable after the weld 
had been pulled apart staticall How 
ch separation was noted in 

loy steel 


The absence of the separation in. the 


present tests could due to the fact 


that the mill seale had been removed 
from the longitudinal plate in the regior 
of the weld whereas it was not in the 
tests of A-7 steel bliograph 
The values of stress, re ported in Table leetrode not 
9and Fig. 13, have been computed from 
the external area As may be seen 
from the S-\ diagram, both series ey Table 9—Results of Fatigue Tests of Tee Fillet-Welded Joints Welded with E7016 


hibited a considerable amount of scattes Electrodes 
The fatigue strengths have been com 


('ycles lo aligue trength* 
puted from the test data using a value of 


k O25. s« lew ted from previous test 

The average fatigue strength for failure 

at 2,000,000 cycles is the same for bot! 

steels but the fatigue strength 

failure at 100.000 evecles is 500 

yreater for the welds in A-7 steel It 


are approx matel the ime in erthe 10) 


<tee] 2,000 


would ippear tl latiyzue propertie 


of welds made with the E7016 electrode 


The following conclusions are bases 
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Fig. 10 Typical fractures of transverse butt welds 


plain-plate specimens of the low-alloy 
steels exhibited an increase in fatigue 
strength over that of the A-7 steel of 
from 10 to 25%. The yield strength 


CRACK 


Fig. 11 Sketch of location of fatigue 


failure in longitudinal fillet-welded 
joints 


was, however, from 45 to 75% higher low-alloy steels were from 13 to 20° 
for the low-alloy steels higher than those of A-7 joints prepared 

3. The average fatigue strength of with the standard E6010 electrode 
longitudinal butt-welded joints in’ the The use of the E7016 electrode for the 


— —4 


Results of fatigue tests of longitudinal fillet-welded joints, Steel P, A-242 
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Fig. 13 Results of fatigue tests of tee fillet-welded joints welded with E7016 
electrodes 
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(a) Fotigue cracks 


{b) Fracture surfaces 


Fig. 14 Fatigue failures of tee fillet-welded joints 


A-7 joints reduced the advantage of the 


low-alloy specimens to less than 10% 


For transverse butt-welded joints 


the advantage of the A-2 
was about 10% when the A-7 joints 
were welded with E6010 electrodes but 
less than 5% when E7016 electrode 
were used for the A-7 joints 


5 The tests of the tee fillet speci 


mens showed that the E7016 electrode 


produced weld metal having approxi 
mately the same fatigue strength when 
used for fillet welds in either A-7 or low 
alloy steels 
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ALUMINUM AND ALUMINUM ALLOYS 
FOR PRESSURE VESSELS 


Condensed version of an interpretive report prepared for the 


Vaterials Division of the Pressure Vessel Research Committee 


BY MARSHALL HOLT 


SYNOPSIS. This reviews the 
properties of the aluminum alloys that 
are especially desirable for pressure vessels 
and certain chemical and processing equip 
ment Aluminum alloys are resistant to 
the chemical action of many materials 
and, for thowe materiale where there is 
some action, the resulting products are 
produce no discolor 


paper 


colorless: henee, they 
ation, They also show remarkable re 
sietance to atm rie corrosion Alumi- 
nonmagnetic and non 
ratings for 


num alloys ar 
sparking. Conduetivit 
and for electricity we relatively high 
Commercially available alloys suitable 
for pressure vessels represent a wide 
range of tensile strength. Ten of the 
alloys in the form of plates covered by 
ASTM Specification 547 have apec- 
ified tensile strengths in the annealed 
condition ranging from 0500 to 40,000 pet 
Aluminum alloys do not show a decrease 
in ductility with depressed temperatures 
ne does mild steel; in faet, the tensile 
atrength, yield strength, elongation and 
impact resistance of most of the alloys 
discussed show a distinet increase as the 
temperature decreases to 120° 
They are readily workable and easily 
welded. The service record of aluminum 
alloys is outstandingly satisfactory, The 
leading producers have, as a result of 
many years of experimentation and ex- 
perience, published much data and pre 
pared handbooks that may be consulted 
lor anewers to specific questions 


1. Characteristics of Materials 
Available 

The aluminum 
Tables | and 2 possess properties and 
characteristics that make them suitable 


alloys described in 


for the construction of pressure vessels 
aud certain chemical and processing 
Alloy GSILLA (6061)* and 
some of the cast alloys are susceptible 


equipment 


to tempering by heat treatment. The 
other wrought alloys are tempered by 
cold working and the other casting 
alloys are used in the as-cast condition. 


Marshall Holt i« Assintant Chief Lngineering 
Design Division, Aleoa Research Laboratories 
Aluminum Company of America, New Kensing 
ton, Pa 


The complete report is published ae Bull, No. 28 
in the Bulletin Series of the Welding Research 
Couneil, New York, N.Y 
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The tensile strengths for the nonheat- 
treatable wrought alloys in the annealed 
condition range from 9500 to 30,000 psi 

The metal producers can give valu- 
able assistance in the selection of a suit- 
able alloy. This is particularly true 
regarding the use of Alloy GR40A 
(5154) for applications in which the 
metal will be held for a long period at 
temperatures near 212° fF 

Since all the alloys contain relatively 
small amounts of alloying elements, the 
specific gravities, electrical and thermal! 
conductivities and melting points are 
nearly the same, The specific gravity 
is approximately 2.7 or about one-third 
that of steel: the coefficient of thermal 
expansion is about 0.000013 or about 
two times that of steel. The melting 
points range from about 960 to 1205° F, 
and it should be noted that there is no 
change of atomic arrangement or color 
such as displayed by mild steel, as the 
temperature is increased. The modu- 
lus of elasticity is about 10,000,000 psi 
or about one-third that of mild steel. 
The value of Poisson's ratio is about 
one-third, hence the modulus of rigidity 
is about 3,800,000 psi 

All the alloys under consideration 
possess a high resistance to action by 
most chemicals and to atmospheric 
corrosion, Because of the many types 
of commodities to be processed or stored, 
differences in purity and other factors 
it «s not practicable to present exact 
rules for applying aluminum alloys to 
the manufacture of pressure vessels 
and processing equipment 
cific information can be found in Alum- 
inum Alloy Reference Sheets 28 to 33, 


inclusive, published by Chemical Engi- 
i 


much spe- 


neering Progress 

The resistance of SOE alloy s to 
localized type of attack can be in- 
creased by metallurgically bonding a 
cladding having a solution potential 


* The ASTM designation i« followed by that 
of The Aluminum Association in parentheses 


Holt--Aluminum Pressure Vessels 


higher than that of the base alloy 
The compatibility with certain chemi 
cals can sometimes be increased by 
special control of trace elements that 
are considered to be normal impuri 
ties. Alloys with these characteristics 
are obtained through special arrange 
ments with the metal produces 

Klectrical contact with most heay 
metals or contact with fluids containing 
heavy-metal compounds or finely 
divided metal in suspension can pro 
duce galvanie corrosion of aluminun 
in the presence of an electrolyte. I 
the use of parts made of dissimila 
metals cannot be avoided, the use of 
bushings or nipples of nonmetalli 
materials or aluminum protector se 
tions or galvanized inserts may be help 
ful. 

Fatigue data on welded butt joint 
are given in Fig. |. The strengths of 
lap joints and butt joints with a sing!> 
splice plate are inferior to those of butt 
joints. The fatigue strength of sand 
cast SC51LA-T6 (355-T6) at 10° eycles 
about the same as that for the but! 
joints shown in Fig. 1. 

In giving Charpy impact values for 
some of the alloys listed in Table | 
attention is called to Paragraph 2(a) of 
Reference 3, which says, in part, “This 
test was developed for the common 
steels and is of little significance fo 
other metals.” Reference 4, in quoting 
from a large number of sources, gives 


impact values as follows: 


Alloy Charpy value, 


MIA(30038 
GSLLA-T6(6061-T6) 
990-H 1601 100-H16 
GR20A-F(5052-F ) 
MGIILA-F(3004-F ) 
C4A-TH(195-T6) 
} 


One of the conclusions in this reference 
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Table 1—Nominal Composition of Aluminum Alloys Commonly Used in Pressure Vessels and Storage Tanks 
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Nott Heat-treatment mbols have been omitted since composition does not var for different heat-treatme: practices 


The Alclad form consists of a core of the basic alloy and a coating o pure aluminum or a | 
* The new commercial designations for vrought products were adopted by the Aluminum A ron to be w effective Oet, 1, 1054 
(minimum) aluminum 


998.05, (minimum) aluminum 
Accepted for use in ASME Code V ess 


is that “notch sensitivity of aluminum consideration The buckling problen duminum structures and similar ones 


alloys, as measured by the usual types of ious: type ire encountered more of ther comme materials can be 


of so-called impact tests is not adverse! frequently in the design of aluminum diminished by making the aluminum 
affected by low temperature.” ilioy structures than in the design of parts thicker For example, in the case 
The cree p and stress-rupture data mild-steel structure hecenause the modu of mple bent rectangular cross 
uvailable indicate that it the design us Of elasticity of the aluminum allo ection thie deflection of steel and 
stresses gene! illy used for aluminum one-tl ia great a that of vill te equal the 
alloy pressure vessels, creep needs no ter Thus n the range of elasti thickness of the alumimum member is 
special consideration A few failures tresse the buckling strength of an 1.44 times that of the steel member 
have been reported from this type ol AUN ah tructure is onl one hives vith t! vided thickness, the 
action where vessels have been serious! third that of a mild-steel structure of the ilumiunum member vill weigh only 
overloaded with respect to temperature ime dimensiot However, the elastix ibout SOC) as much as the steel member 
and pressure. Some creep and stres deformations and deflections for a given The design hurts for vessels of 
rupture data are published in Reference et of loading onditions are three iious mate under external pres 
a times as great in alumimum structure ure given im Section VIET of the 
is in steel structures of the same dimen ASM Coc ere all ce eloped by the 


ll. Design Rules and Problems 


or une rule it the charts cannot be 
Design rules for pressure exsels he difference in the deflections of wed indiscriminate because each one 


chemical equipment, tanks and piping 


have been prepared b i number of 60 
code-writing bodies, including | | 
| 


| Souler und Pressure V esse] ( ole 


| 
wore INERT-GAS METAL (TUNGSTEN) and 
} | SEM)- AUTOMATIC INERT -GAS METAL anc 
} 


1000 psi 


(C‘ommiuttee ot thre American 4 
Society of Mechanical Engineers | 
Section VIII, Unfired Pressure | STRESS 
Vessels” Section IX, Welding } | | 
40+; 
2 American Petroleum Institute’ z | 
Ban rs foe 4 “he 
American Standards A lation ig wrs 
roads OF RESULTS FOR (606). Te) 
1 eur 
5 Interstate Commerce Commis 4 
sion BAND OF RESULTS FOR (8008-8) 
Aluminum alloy coverage differs for the 2 “ey. | | 
specifications of these bodes 2 | f 
pecin 
but, in general, work is in progress to s 


increase the coverage in every instance — T 
Design itles that have been de eloped 
| 


r 
to solve the problems of structural i | 
mechanics relating to pressure vessels al 4 | | 
are applicable, in general, to aluminum 10 107 10° 10" 
as well as to other structural materials CYCLES TO FAILURE 
however, the constants relating to the Fig. 1 Comparison of direct-stress fatigue test results for arc-welded */,-in. 


mechanical properties must be given due thick aluminum alloy plate 


Holt 


V easels SOU-s 


Aluminum Pressure 
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Table 2—Minimum Mechanical Properties* of Aluminum Alloys Suitable for Use in Pressure Vessels and Storage Tanks 


In those cases in which the specified values vary with the thickness of plate or size of product, the value for 
0.5-in.-thick product or 4-in. Schedule 40 pipe is given 


Yield Shear 


Allo Tensile Strength Shear Yield Specification 
"Pommercial Strength 0,2% Offset Elong. Strength Strength Tensile 
ASTM  Wew Tempers## psi psi psi _psi Properties Notes 


WROUGHT ALLOYS 

GDA CDIS 1160 9) 500 500 é 500 500 ASTM B178+ (1) 
000 000 Z $00 OOO 
000 000 ) 8 000 000 
000 7 000 000 000 


9IOA é 1100 900 500 000 000 ASTM B175+ 
000 000 000 500 
000 900 ) 000 000 
000 000 3 500 000 


900 000 000 000 ASTM B178+ (1) (3) 
000 000 000 7 000 
000 000 } 000 000 
000 000 } 000 000 


Clad Alclad Clad 

MIA 8 300 3 000 500 000 500 ASTM B178+ 
000 000 9 000 500 
990 000 2 000 000 
000 000 000 » 000 


300k + 000 000 5 000 ASTM B178+ 
1 900 5 000 2 000 
000 000 000 
000 y 100 > 000 


Clad Alclad 
MOLILA 4S 22 000 000 500 STM B175+ 
000 5 000 900 
000 000 000 
» 000 8 000 > 000 


000 2 000 500 ASTM B173+ 
000 , 000 000 

5 000 000 900 
000 000 k 500 


GSIIA 000 ( 0 000 000 ASTM B175+ 
000 000 000 


500 ASTM B178+ 
000 


GR2O0A 000 000 
000 900 
009 0 000 
000 000 


ASKS 900 000 ASTM B1786+ 
000 ? 2 000 
000 ? 23 000 

000 000 


CAST ALLOYS 
ChA 195 000 22 000 ASTV B26-S52T 
000 OOO 


GSu2A 7 000 ASTV B26-52T 
000 000 ecce 
» 000 9 000 ASTM B26-52T 
000 c 2 24, 000 
000 300 


000 000 7 000 ASTM B26-52T 
000 ‘ 000 > 000 


000 000 ‘ 0 
000 000 ) 


* Tensile strength, yield strength and elongation are specification values, the other values would be expected for material just 
meeting these requirements 

** See ASTM Tentative Recommended Practice B206 

* Bee also ASME. SB specification 

(a) Determination of elongation not required. 

Norms: (1) Values given are for plate, see ASTM B274 for pipe and tube. (2) Values given are for plate, see ASTM 8247 for 
die forgings. (3) Values given are for plate, see ASTM B234 for drawn seamless tubes for condensers and heat exchangers. (4) 
Values given are for plate, see ASTM 8273 for bars, rods and shapes. (5)Values given are for sand castings, see ASTM B108 for 
permanent mold castings. (6) Minor variation of SG70A, values given are tentative for permanent mold castings 
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MIA 3003 1h 
H12 17 
20 
17 
GIA 505 5050 13) ! (1) 
H32 2 
Hy 2 
H112 2 
| 000 
000 
(5) 
(5) 
T6 30 
Tot 37 


Table 3—Guide to the Selection of the Filler Metal for 


Aluminum-Alloy Tanks and Vessels 


Cla ication 
Base 
iS7M 


of fille metal meta 
1STM-AWS ALA 
R-GU6A 


1160 
4 
MIA* 


OOO A 


MiA* 


MGIILA* 
GR20A 
GSLILA 
GiS42A 


MGILA* 
GR20A 


t-GR20A 
GR2O0A 


MGIIA* 
GR20A 
GR4AOA 
GS42A 


MGIILA 


MGILA* 
MGIIA 


MIA* 
MGIIA* 
GR20A 


R-S5B 


( ‘lasaification 


1100 
5OSO 
1003 * 


SO5O 


HO! 
B2141 


004" 


QoOA-\MILA* 


GRADA-GSILA 9154 


QOOA-MIA* 
MIA*-GR20A 
MIA*-GSIILA 


4005 


1100 


Welding Aluminum 


OOH! 


SOS 


* Clad products also 
t Commercial designation 


is based on the individual characteris 
ties of a certain material or alloy 
the 


aluminum 


use ol exces 
fi “tee! 
An extreme 


In order to avoid 
sively thick 
backing rings 
appli ation of this prine iple is an 
num flange of the Van Stone ty 


ring 


may be used 


pe with a 
stee! bolting 


The 
horizontal 


irrangement of support for 
eo 
the 


the 


eviindrical shells is a 
To take ad 
stiffness 
upports should be near the 


promuse intage of 


circumlerential offered by 


the 
but to decrease the shear stresses 


heads 
ends 

stresses In 
the 

them 
22%, ol 
The 


thin-wal 


longitudinal bending 
thus 


caused by 


and 
the shell 
bility of 
supports should be about 
the 
stress for 


and reduce POssl 


the 


the 


failure 


length from ends critics 


shear kling 


eireular evlindrical shells can be com 


formulas given in handbook 
the 

The 

shells 


ean be ce termined by the proposed new 


puted by 


prepared by principal material 


producers eritical stresse 


evlindrical subject to bending 


rules in Paragraph UG-23." 


The 


stresses or 


desigi 


either the 
anlet 


selection of 
the factor of 


e consideration of the design pro 


should 
involy 
ind 
the 
nlues 


UNI 


cedures, manufacturing techniques 
the 
equipment 


for the aluminum 


uncertainties of operation of 
The allowable strese 


alloy sin 


Junge 1956 


no design ition 


23° were determined as 
two-thirds of the 
fourth of the tensile 
ance with 
of 
hand 


other 


in the 


wssigned by Al 


Asean 


ield strength 


the 
the 


rules in Paragr: 
reference 
the 


a 


illowable stress 


AAR Specifi 


the smaller of 


trength in accord 


iph UA 
On the 
values 


re equal 


to the specified tensile strengths of the 


Fig. 2 Tonnage oxygen plant utilizing 
pressure vessels and pipe fittings 


Holt 


Aluminum Pressure 


Vessel 


being that the 
the 
which is con- 


ciple 
when pressure 
“in any reasonable 
of the aluminum 

int determiming 
ture than is the 

tecl, This is 
trength of the 
arbitrary point 

e that departs 
nitial straight line 
oint of mild steel 
which a stram of 

ur at ho increase 
development of a 
ield strength of an 
recompanied by 

et, the distortion of 
Alu- 


inden, and repetition 


isignifcant 
Uses Perini 

recompanied by 
rement of permanent 
ord the 
wider 


material 
er a stress 
econd and subsequent 


The selection of design 


resses for tructures might 
ilso be influenced by the joint efficiency 
Por 
in the annealed condi 
butt 
equal to the strength 
parent plate In fact, for all the 
illoys listed in Table 2 except 


GSILILA, Section LX of the ASME 


requires a joint strength equal to 


factor, or weld factor, used 
aluminum alloy 
the welded 


tion strength of a 


joint is usually 
of the 
wrought 
Allo 
(oul 
the strength of the alloy in the 
For 


worked or 


pecified 
condition tempered 


cold 
tre neth ol 


innealed 
either heat 


the 


material 
treated a welded butt 
than that of the parent 


joint may be ke 


material, the difference being dependent 


extensive applications of aluminum in 


materiais, the pru 
tank will burst 
reaches the desig 
ela sideral urge! 
itself Clambination of base meta operating re 
iS7TM Asan | eld stre 
allovs y 
the behavior of 
yield pom*# ol 
he tiv Vie 
on tres tra ; 
R-GIA gradu om t 
where the vie 
ret esent tre 
R SeVE percent 
x 
in stre Alth« 
tre equal to tl 
5052 some permanent 
the part i usu 
minum allovs wor 
nent et will me 
606] 
B214 mothe equal 
set In other 
E- range for the | 
load 
HOH2 
HOG! 
= 
ne 
i 


ALCOA ALLOY 
Burst Press (240 


Aluminum test vessel employed in bursting tests 


on the amount of heat introduced by the 
welding process and the length of time 
the material is at high temperatures. 
This variable is taken care of in most 
codes by basing design stresses on the 
properties of annealed material regard- 
less of the initial temper of the material. 

Although there are ASTM specifica- 
tions for casting alloys,'* none of the 
code-writing bodies has adopted design 
rules for cast parts. As noted in Table 
2, the specified elongations in the ten- 
sile test are relatively low and in some 
cases the determination of the elonga- 
tion is not required. Nevertheless, 
castings have been eminently successful 
in many applications where ductility 
might normally be considered an impor- 
tant property, such as housings, bus and 
aircraft wheels, commercial food han- 
dling and processing equipment, pipe 
fittings, pump bodies and water-cooled 
evlinder blocks, 


il. Fabrication Processes 

In general, tools for 
aluminum should have 
more side and top rake than are re- 
quired for cutting steel; in fact, their 
shapes approximate more closely those 
used with hard woods. Lathe tools are 
set considerably higher on the work than 
is the general practice with steel 
Oxygen cutting of the aluminum alloys 
cannot be accomplished by any of the 
conventional methods used on ferrous 
materials, and powder cutting methods 
have not been found suitable. A tungs- 
ten-are cutting process using an argon- 
hydrogen atmosphere has recently been 
developed with which smooth edges and 
accurate dimensions can be obtained. 
Band saws with relatively coarse teeth 
and running at rather high speeds give 
best results for cutting. 

Aluminum in the annealed condition 
is one of the most workable of the com- 
mon metals, Except for the heat- 
treatable alloys, the tempering opera- 
tion introduces cold work, so the 


machining 
appreciably 


degree to which forming and other 
operations can be carried decreases as 
the tempering increases 

For vessel parts involving the form- 
ing of nonheat-treatable alloys, gener- 
ally the temper can be selected so that 
the forming operation can be completed 
without recourse to intermediate anneal- 
ing operations. When intermediate an- 
nealing is required, the recommended 
treatment consists in bringing the metal 
to a temperature of 650° F*; the rate of 
cooling is not important 

Parts of Alloy GSI1A in the annealed 
condition (for maximum formability) 
can be heat treated after forming 

The handbooks of the metal pro- 
ducers contain data that can be used as 
a guide in the choice of temper and 
forming radii 

It is important to keep machine parts 
that contact the aluminum clean and 
free of rust, seale, chips and imperfec- 
tions that might mar or seratch the 
finished work It is also important to 


avoid heavy metal’? contaminations 
which might lead to serious localized 
COrrosion 

Aluminum is drawn on the same type 
of equipment that is used for other 
metals, The tools should be so designed 
that the thickness changes very little 
during the drawing operation 

The process used for spinning alumi- 
num does not differ essentially from that 
used for copper and brass, except that 
higher speeds are used 

Alloys listed in Tables | and 2 can be 
welded by a number of processes 
Experience has shown that the combina- 
tions of filler and base alloys listed in 
Table 3 can be readily welded and that 
they give satisfactory service. The 
inert-gas processes have these distinct 
advantages: (1) no flux is required, (2 
3) the weld 


beads are relatively smooth and (4) the 


overhead welding is feasible 
distortion produced by the welding heat 


© 775 F is recommended for Alloy MIA 
3003) bare or clad 
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Fig. 4 Aluminum alloy tanks under construction 


is rather small principal metal 
producers will furnish specific informa 


tion on current requirements and size 


of filler wire and will assist in training 


welders 


There have been many successful 


applications of aluminum in pressure 


vessels, chemical and 


oxvgen pl unt 


equipment, tank cars, highway-truck 


tanks, storage tanks and pipe fittings 
Figures 2, 3 and 4 illustrate pressure 


vessel and chemical plant applications 
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